Development of IR-reflective pigments for coatings and polymers by Kaur, B
 Development of IR-reflective pigments for 
coatings and polymers 
 
 
 
A Thesis Submitted in Partial Fulfillment of the 
Requirements for the degree of 
DOCTOR OF PHILOSOPHY 
 
 
 
Balwinder Kaur 
 
 
 
 
 
School of Civil, Environmental & Chemical Engineering 
RMIT University 
 2012 
 ii
 
 
Declaration 
I Balwinder Kaur, hereby declare that the work presented in this thesis, unless otherwise 
acknowledged is my own original work and has not been previously submitted in whole 
or in part for the award for any degree or diploma in any university. 
The work described in this research project was carried out in the School of Civil, 
Environmental and Chemical engineering, RMIT University, Melbourne, Australia 
during the period of April 2008 to January 2012. 
 
 
 
 
                            
Balwinder Kaur 
 
 
 
 
 
 
 
 iii
Table of contents 
LIST OF TABLES ............................................................................................................ ix 
LIST OF FIGURES ........................................................................................................... x 
LIST OF SCHEMES ...................................................................................................... xiv 
ACKNOWLEDGMENT ................................................................................................. xv 
ABSTRACT .................................................................................................................. xvii 
1.  Chapter 1 .................................................................................................................... 20 
Introduction ...................................................................................................................... 20 
1.1  Cool pigments .................................................................................................. 20 
1.2  Traditional pigments ........................................................................................ 20 
1.3  How does cool pigments keep the coated object cool ...................................... 21 
1.4  Background ...................................................................................................... 22 
1.5  Objectives ......................................................................................................... 26 
1.6  Thesis outlines .................................................................................................. 26 
1.6.1  Chapter one .......................................................................................... 26 
1.6.2  Chapter two .......................................................................................... 27 
1.6.3  Chapter three ........................................................................................ 27 
1.6.4  Chapter four ......................................................................................... 27 
1.6.5  Chapter five .......................................................................................... 28 
2.  Chapter 2 .................................................................................................................... 29 
Literature review .............................................................................................................. 29 
2.1  Introduction ...................................................................................................... 29 
2.2  Organic pigments versus Inorganic pigments .................................................. 29 
2.3  Perylene and its derivatives .............................................................................. 33 
2.4  Synthesis of perylene derivatives ..................................................................... 34 
2.4.1  Derivatization in the peripheral region of PTCA ................................. 35 
 iv
2.4.2  Derivatization in the bay region of perylene-3,4:9,10-tetra-carboxylic 
dianhydride ........................................................................................... 38 
2.5  Crystal structure of perylene derivatives .......................................................... 39 
2.6  Crystallochromy and Perylene pigments ......................................................... 41 
2.7  Applications of perylene derivatives ................................................................ 43 
2.8  The use of perylene derivatives as cool pigments ............................................ 44 
2.9  Perylene pigments as cool pigments ................................................................ 45 
2.10  Electromagnetic radiations and its interaction with matter .............................. 46 
2.10.1  Absorption ............................................................................................ 47 
2.10.2  Transmission ........................................................................................ 47 
2.10.3  Reflectance ........................................................................................... 47 
2.10.4  Scattering of light ................................................................................. 48 
2.11  Solar spectrum .................................................................................................. 49 
2.12  Near infrared (NIR) reflectance ....................................................................... 50 
2.12.1  Particle size .......................................................................................... 50 
2.12.2  Concentration and particles distribution in the medium ...................... 51 
2.12.3  Refractive index of Pigment................................................................. 51 
2.12.4  Degree of Crystallinity ......................................................................... 52 
2.12.5  Other factors ......................................................................................... 52 
2.13  Near infrared spectroscopy .............................................................................. 52 
2.14  Dispersion of colourants/pigments ................................................................... 56 
2.14.1  Dispersion of Colourants/pigments in polymers .................................. 56 
2.14.2  Dispersion of pigments in coating medium ......................................... 56 
2.14.2.1 Acrylic resin ........................................................................... 57 
2.14.2.2 Water borne acrylic resins ..................................................... 58 
2.14.2.3 Epoxy resins ........................................................................... 58 
2.15  Characterization of perylene derivatives and different techniques .................. 61 
2.15.1  Proton nuclear magnetic resonance spectroscopy (1H-NMR) ............. 61 
 v
2.15.2  Infra-red spectroscopy .......................................................................... 64 
2.15.2.1 Theory .................................................................................... 64 
2.16  Thermal analysis .............................................................................................. 66 
2.17  Particle analysis ................................................................................................ 67 
2.18  Study of electronic influence of different substituents in perylene      
derivatives ........................................................................................................ 68 
2.19  X-ray diffraction analysis ................................................................................. 69 
2.20  Summary .......................................................................................................... 70 
3.  Chapter 3 .................................................................................................................... 72 
Experimental Part ............................................................................................................ 72 
3.1  Introduction ...................................................................................................... 72 
3.2  Materials ........................................................................................................... 72 
3.3  General procedure for the synthesis of N,N’-Disubstituted perylene bisimides
 .......................................................................................................................... 74 
3.3.1  Synthesis of N,N’-(6-hydroxyhexyl)-perylene-3,4:9,10-tracarboxylic 
diimide (P1) .......................................................................................... 76 
3.3.2  Synthesis of N,N’-(2-morpholinoethyl)-perylene-3,4:9,10-tracarboxylic 
diimide (P2) .......................................................................................... 76 
3.3.3  Synthesis of N,N’-(3-morpholinopropyl)-perylene-3,4:9,10-
tetracarboxylic diimide (P3) ................................................................. 76 
3.3.4  Synthesis of N,N’-(p-hydroxyphenyl)-perylene-3, 4:9, 10-
etracarboxylic diimide (P4) .................................................................. 77 
3.3.5  Synthesis of 1, 7-Dibromo-perylene-3, 4:9, 10-tracarboxylic acid 
anhydride (P5)....................................................................................... 77 
3.4  Characterization of perylene derivatives .......................................................... 78 
3.4.1  Proton nuclear magnetic resonance spectroscopy (NMR) ................... 78 
3.4.1.1  Experimental set up for 1H-NMR of perylene derivatives ..... 78 
3.4.2  Infra-red spectroscopy .......................................................................... 79 
3.4.2.1  Sample preparation ................................................................ 79 
3.5  Dispersion of perylene diimide derivatives in the Polymer ............................. 80 
 vi
3.5.1  Dispersion of perylene derivatives in coating medium ........................ 80 
3.6  NIR-reflectance measurements ........................................................................ 81 
3.7  Particle dispersion analysis .............................................................................. 82 
3.7.1  Computational study ............................................................................ 83 
3.8  X-Ray Diffraction (XRD) ................................................................................ 83 
3.9  Thermo gravimetric analysis (TGA) ................................................................ 84 
3.10  Error analysis ................................................................................................... 84 
3.10.1  NIR-reflectance measurements error analysis ..................................... 85 
3.10.2  Particle sizing error analysis ................................................................ 86 
3.10.3  Thermal study error analysis ................................................................ 88 
3.10.4  Error analysis of colour measurements ................................................ 90 
3.11  Summary .......................................................................................................... 90 
4.  Chapter 4 .................................................................................................................... 92 
Results and Discussion .................................................................................................... 92 
4.1  Chemical characterization of different synthesized perylene derivatives ........ 93 
4.1.1  Perylene derivative from 6-Amino-1-hexanol (P1) .............................. 93 
4.1.2  Perylene derivative of 2-Morpholino-1-aminoethane (P2) ................... 95 
4.1.3  Perylene derivative of 3-Morpholino-1-aminopropane (P3) .............. 100 
4.1.4  Perylene derivative of p-Aminophenol (P4) ....................................... 101 
4.1.5  1, 7-Dibrominated product of PTCA (P5) .......................................... 102 
4.1.6  Summary ............................................................................................ 103 
4.2  Evaluation of different properties of perylene derivatives ............................. 105 
4.2.1  Measurement of NIR-reflectance of different perylene derivatives .. 106 
4.2.1.1  Comparison of NIR-reflectance of different perylene 
derivatives ............................................................................ 106 
4.2.1.2  Comparison of NIR-reflectance of different perylene 
derivatives with commercial pigments ................................ 110 
4.2.1.3  Comparison of NIR-reflectance of PCIs with PTCA .......... 111 
 vii
4.2.1.4  Comparison of the performance of different perylene 
derivatives in the NIR-region ............................................... 113 
4.2.2  Thermal stability of perylene derivatives ........................................... 116 
4.2.3  Colour measurements ......................................................................... 120 
4.2.4  Summary ............................................................................................ 123 
4.3  Factors affecting the NIR-reflectance of a material ....................................... 125 
4.3.1  Particles analysis ................................................................................ 125 
4.3.1.1  Particle morphology study ................................................... 126 
4.3.1.2  Particle size measurements .................................................. 129 
4.3.1.3  Particle size distribution ....................................................... 132 
4.3.2  Dispersion of perylene derivatives in polypropylene......................... 135 
4.3.3  Electronic influence of different substituents .................................... 137 
4.3.4  Computational study results ............................................................... 139 
4.3.4.1  Mulliken Charges results ..................................................... 142 
4.3.4.2  Bond length results .............................................................. 144 
4.3.4.3  HOMO-LUMO gap ............................................................. 146 
4.3.4.4  Dipole Moment .................................................................... 148 
4.3.4.5  Results of X-ray diffraction study ........................................ 150 
4.4  Preliminary study of dispersion of perylene pigments in coating media ....... 156 
Introduction .................................................................................................................... 156 
4.4.1  Water based acrylic resins .................................................................. 156 
4.4.2  Solvent based acrylic resins ............................................................... 164 
4.4.3  Water based Epoxy resins .................................................................. 165 
4.4.4  Solvent based Epoxy resins ................................................................ 166 
4.5  Summary ........................................................................................................ 167 
5.  Chapter 5 .................................................................................................................. 168 
Conclusions and further recommendations ................................................................... 168 
6.  List of Abbreviations ............................................................................................... 171 
 viii
7.  References ................................................................................................................ 172 
8.  Publications arising from this research .................................................................... 178 
9.  Appendix A: Spectroscopic data ............................................................................. 179 
9.1  NMR P2 .......................................................................................................... 179 
9.2  NMR-P3 .......................................................................................................... 180 
9.3  NMR-P4 .......................................................................................................... 182 
9.4  NMR-P5 .......................................................................................................... 183 
9.5  IR-P1 ............................................................................................................... 184 
9.6  IR-PTCA ........................................................................................................ 185 
9.7  IR-P2 ............................................................................................................... 186 
9.8  IR-P3 ............................................................................................................... 187 
9.9  IR-P4 ............................................................................................................... 188 
10. Appendix b: Electron scanning micrographs ........................................................... 189 
10.1  Electron scanning micrographs of P1 ............................................................. 189 
10.2  Electron scanning micrographs of P2 ............................................................. 190 
10.3  Electron scanning micrographs of P3 ............................................................. 192 
10.4  Electron scanning micrographs of P4 ............................................................. 193 
10.5  Electron scanning micrographs of P5 ............................................................. 195 
10.6  Electron scanning micrographs of PTCA ...................................................... 196 
11. Appendix C-Thermo-gravimetric data .................................................................... 198 
11.1  TGA of P1 ....................................................................................................... 198 
11.2  TGA of P2 ....................................................................................................... 199 
11.3  TGA of P3 ....................................................................................................... 200 
11.4  TGA of P4 ....................................................................................................... 200 
11.5  TGA of P5 ....................................................................................................... 201 
11.6  TGA-graph of PTCA ..................................................................................... 201 
 
 ix
LIST OF TABLES 
Table 2.2-1 Different organic pigments and their chemical structure used in high 
performance applications ......................................................................................... 30 
Table 3.2-1 Description of suppliers of different Chemical used .................................... 73 
Table 3.2-2 Description of different resins ...................................................................... 73 
Table 4.1-1 A brief description of spectroscopic data for different perylene derivatives
 ............................................................................................................................... 104 
Table 4.2-1 Comparison of performance of different pigments in the entire NIR-region
 ............................................................................................................................... 114 
Table 4.2-2 a*,b*,L* coordinates of colour of different derivatives and some commercial 
pigments ................................................................................................................. 122 
Table 4.3-1 Aspect ratio of different perylene derivatives ............................................ 128 
Table 4.3-2 Particle size of different perylene derivatives ............................................ 132 
Table 4.3-3 Particle size distribution for different perylene derivatives ....................... 134 
Table 4.3-4 Results of Mulliken charges for different perylene derivatives ................. 142 
Table 4.3-5 Results for bond lengths for different perylene derivatives ....................... 145 
Table 4.3-6 Results for homo-lumo gap for different perylene derivatives .................. 147 
Table 4.3-7 Dipole moment of different perylene derivatives ...................................... 149 
Table 4.3-8 Result of %crystallinity of different perylene derivatives ......................... 153 
 
 
 x
LIST OF FIGURES 
Figure 1.3-1 Distribution of solar radiations at North America (ASTM standard 503) .. 21 
Figure 1.4-1 3-oxapentylperylene diimide ...................................................................... 24 
Figure 1.4-2 4-oxapentylperylene diimide ...................................................................... 25 
Figure 2.4-1 Description of different region in PTCA .................................................... 35 
Figure 2.4-2 Mechanism of imide formation ................................................................... 38 
Figure 2.5-1 Stack arrangement of different perylene diimide derivatives ..................... 40 
Figure 2.8-1 Different perylene derivatives used for Lumogen ...................................... 45 
Figure 2.10-1 Electromagnetic radiations ........................................................................ 47 
Figure 2.10-2 Diffuse reflectance from solid powder particles ....................................... 48 
Figure 2.11-1 Solar spectrum (Levinson, Berdahl & Akbari 2005) ................................ 49 
Figure 2.13-1 Description of fundamental bands and overtones ..................................... 53 
Figure 2.13-2Fundamental and overtones associated with vibration of a bond .............. 53 
Figure 2.13-3 (a) MIR spectrum of Polyamide 11 (b) NIR spectrum of Polyamide 11(P. 
Wu, 1999) ................................................................................................................ 55 
Figure 2.14-1 BPA and BPA epoxy resin ........................................................................ 59 
Figure 2.15-1 Degenerate proton energy levels(Richards and Hollerton, 2010) ............. 62 
Figure 2.15-2 Schematic representation of NMR-spectrometer(Richards and Hollerton, 
2010) ........................................................................................................................ 63 
Figure 2.15-3 1H-NMR spectrum of chloroethane .......................................................... 64 
Figure 2.15-4 optical layout of a typical FTIR spectrometer (Leng Yang, 2009) ........... 66 
Figure 3.6-1 The Praying Mantis diffuse reflectance accessory and optical diagram UV-
VIS-NIR spectrophotometer (Adopted from Varian publication, issue no. 081) .... 82 
 xi
Figure 3.10-1 Error in the NIR-reflectance measurements ............................................. 86 
Figure 3.10-2 Segregation in a heap, formed by pouring a free-flowing mixture of two 
particle sizes (adopted from Merkus 2009) ............................................................. 87 
Figure 3.10-3 TGA of calcium oxalate showing the performance of instrument ............ 89 
Figure 3.10-4 Comparison of TGA graphs of P1 after six months interval ..................... 90 
Figure 4.1-1 Chemical structure of P1 ............................................................................. 93 
Figure 4.1-2 1H-NMR-spectra of P1 ................................................................................ 94 
Figure 4.1-3 Chemical structure of P2 ............................................................................. 95 
Figure 4.1-4 1H-NMR spectrum of P2' in D2SO4 ............................................................. 96 
Figure 4.1-5 1H-NMR-spectrum of P2' in DMSO ............................................................ 97 
Figure 4.1-7 Chemical structure of P3 ........................................................................... 100 
Figure 4.1-8 IR-spectrum of P3 ...................................................................................... 101 
Figure at 4.1-9 Chemical structure of P4 ....................................................................... 102 
Figure 4.1-10 Chemical structure of P5 ......................................................................... 103 
Figure 4.2-1 (Chemical structure of PCIs) .................................................................... 105 
Figure 4.2-2 Comparison of reflectance of different perylene derivatives .................... 107 
Figure 4.2-3 Comparison of NIR-reflectance of perylene diimide derivatives at 980nm 
and 1300 nm .......................................................................................................... 108 
Figure 4.2-4 Comparison of NIR-reflectance of perylene derivatives with commercial 
pigments ................................................................................................................. 110 
Figure 4.2-5 Comparison of NIR-reflectance of PCIs with PTCA and PR ................... 112 
Figure 4.2-6 TGA graph of Perylene diimide derivatives ............................................. 117 
Figure 4.2-7 TGA curve for PTCA and P5 .................................................................... 118 
 xii
Figure 4.2-8 Proposed mechanism of thermal degradation of P2 .................................. 119 
Figure 4.2-9 CIE L*a*b* colour scale (2008) ............................................................... 121 
Figure 4.3-1 ESEM micrograph of different perylene derivatives a) P1, b) P2, c) P3, d) P4, 
e) P5, f) PTCA ........................................................................................................ 127 
Figure 4.3-2 Different parameters of particle size ......................................................... 130 
Figure 4.3-3 Particle size distribution for different perylene derivatives as number 
cumulative frequency ............................................................................................. 133 
Figure 4.3-4 Distribution of perylene derivatives in polypropylene (PP) ..................... 136 
Figure 4.3-5 Definition of DOO, DNN and doo ................................................................. 138 
Figure 4.3-6 Designation of different atoms in N,N'-disubstituted perylene diimide ... 140 
Figure 4.3-7 Optimized geometries of perylene derivatives a) P1, b) P2, c) P4, d) P5, .. 141 
Figure 4.3-8 Designation of C1 and C2 carbon atoms of N, N’-disubstituted perylene 
diimide derivatives ................................................................................................. 143 
Figure 4.3-9 HOMO of un-substituted PCI ................................................................... 148 
Figure 4.3-10 LUMO of un-substituted PCI .................................................................. 148 
Figure 4.3-11 XRD of different perylene derivatives .................................................... 151 
Figure 4.3-12 XRD diffraction pattern of P1 showing crystalline region and amorphous 
region ..................................................................................................................... 152 
Figure 4.4-1 ESEM micrographs of P1 in acrylic resins at different time of grinding; a) 2 
hours grinding period b) 4 hours grinding period c) 6 hours of grinding period ... 158 
Figure 4.4-2 ESEM micrographs of derivatives P2-P5 after their dispersion in acrylic 
resins  a) P2, b) P3, c) P4, d) P5 .............................................................................. 160 
Figure 4.4-3 Images of vials with perylene derivatives dispersed in acrylic resins. ..... 163 
 xiii
Figure 4.4-4 P1 derivative dispersed in epoxy resin ...................................................... 165 
Figure 4.4-5 ESEM micrograph for P1 in solvent based epoxy resins .......................... 166 
 xiv
LIST OF SCHEMES 
Scheme 2.4-1 Synthesis of PCIs from PTCA .................................................................. 35 
Scheme 2.4-2 Separation of PCIs from PTCA ................................................................ 36 
Scheme 2.4-3 Reaction scheme for synthesis of unsymmetrical perylene bisimide 
derivatives ................................................................................................................ 37 
Scheme 2.4-4 Procedure for the synthesis of 1,7 Dibromo-perylene-3,4:9,10-
tetracarboxylic acid dianhydride .............................................................................. 39 
Scheme 3.3-1 General procedure for the synthesis of N,N’-disubsituted-perylene 
bisimides .................................................................................................................. 75 
Scheme 3.3-2 Separation of PCI from PTCA .................................................................. 75 
Scheme 3.3-3 Synthesis of 1,7 Dibromo-3,4:9,10 perylene tetracarboxylic dianhydride 78 
 
 
 
 xv
ACKNOWLEDGMENT  
I sincerely thank my supervisors, Prof. Satinath Bhattacharya and Dr. Ivan Ivanov for 
their supervision and for the opportunity to start and achieve my goal of obtaining a 
PhD. It would not have been possible without their guidance and motivation throughout 
the process. I would also like give special thanks to my consultant, Dr. Nurul Quazi, for 
his valuable contributions to my research. 
I would also like to thank the staff members of the Rheology and Material Processing 
Centre (RMPC) especially, Mike Allan and Dr. Muthu Pannirselvam for their help in 
operational training initially and continuous support during the use of instruments 
throughout the course of the project. I would also like to thanks to Dr. Sumanta Raha for 
his continuous support involving valuable discussion throughout this project. 
I would also like to deeply thank Dr. David J. Henry from the Faculty of Science and 
Engineering, Murdoch University for performing computation study on my compounds. 
I would also like to acknowledge the support of staff and my colleagues of the School of 
Civil, Environmental and Chemical Engineering for their encouragement. 
I would also like to thank Dr. Julie Niere from the School of Applied Chemistry for 
training me to run NMR-spectra of my compounds.  
I would also like to thank Phil Francis and Peter Rummel of the School of Applies 
Physics for his kindness and assistance while performing environmental scanning 
electron microscopy (ESEM). 
I would like to thank those unknown reviewers for their constructive criticisms and 
comments during the review of my papers which helped me to improve my work further. 
 xvi
Finally I would like to acknowledge the financial support from AutoCRC-Australia for 
providing financial support for this project. 
 
 
 
 
 
 xvii
ABSTRACT 
Interior temperature of automobiles and buildings may reach an uncomfortable level 
during hot weather, which requires the use of air-conditioners. The solar heating of 
automobiles and buildings can be partly reduced if the incident solar radiations can be 
reflected back to the atmosphere. One way to achieve this is to replace the traditional 
pigments used in surface coatings by NIR (near infrared)-reflective pigments as they 
keep the surface cool by rejecting significant amounts of NIR-radiations of the solar 
spectrum.  
There are many commercially available NIR-reflecting pigments to date but most of 
them are inorganic, heavy metals based and are not environment friendly. Among the 
organic pigments, the use of perylene pigments in the NIR-reflective coatings has been 
described in few patents. However there is no systematic study in the open literature 
regarding the influence of different factors such as particle size, pigment concentration, 
electronic influence of different substituents and degree of crystallinity on their NIR-
reflectance. The aim of this study is to develop understanding of the effect of these 
factors on the NIR-reflectance of perylene based pigments which would help to develop 
perylene based pigments with significant reflectance in the NIR-region.  
Therefore different perylene derivatives were synthesized and their NIR-reflectance was 
measured and compared with each other as well as with some commercially available 
pigments such as carbon black, lumogen and titanium dioxide after their dispersion in 
polypropylene. In addition to the NIR-reflectance, other properties such as thermal 
stability and colour intensity of perylene derivatives were also determined. Five different 
perylene derivatives P1, P2, P3, P4 and P5 were synthesized from perylene-3,4:9,10-tetra 
 xviii
carboxylic acid dianhydride (PTCA). The derivatives P1 and P4 have never been reported 
in the literature.  
The effect of particle size and particle size distribution on the NIR-reflectance was 
investigated. The influence of different substituents was studied by computational means 
and the degree of crystallinity was examined by X-ray diffraction. Additionally ease of 
dispersion of the synthesized perylene derivatives was also investigated.  
Perylene derivatives synthesized in this study have shown significant variations in the 
NIR-reflectance. The relative reflectance of different diimide derivatives (P1-P4) varied 
from 38 to 65 at 980nm wavelength and from 37 to 54 at 1300 nm wavelength; P1 has 
shown the highest NIR-reflectance among these derivatives. On the other hand 
derivative P5 has shown the least reflectance in the NIR-region. 
Comparison of NIR-reflectance of these synthesized derivatives with commercially 
available pigments has shown that the TiO2 which is white has the highest NIR-
reflectance whereas carbon black has almost no reflectance in the NIR-region. The 
reflectance of synthesized black coloured derivative P1 is comparable to that of 
Lumogen® (LG) at 1300nm, whereas reflectance of LG drops radically in the 
wavelength region of 700-1000nm.  
The particle size and particle size distribution do not seem to be the only contributing 
factor for this observed difference as all the perylene diimides derivatives (P1-P4) have 
similar particle size and particle size distribution, yet they show significant variation in 
their NIR-reflectance.  Similarly PTCA and P5 have similar particle size range but 
exhibit dramatic difference in their NIR-reflectance.  
 
 xix
Computational study performed on these derivatives has shown that two of the 
derivatives P2 and P5 have a considerable amount of net dipole moments and low 
reflectance compared to that of P1, P4 and PTCA which have zero net dipole moment 
and higher NIR-reflectance. This demonstrates the direct impact of the development of 
net dipole moment in reducing the NIR-reflectance.  
The results of degree of crystallinity for these derivatives indicate the following order of 
increasing crystallinity: 
PTCA>P3>P2>P1>P4>P5 
A combination of the effect of three factors i.e. particle size, dipole moment and degree 
of crystallinity, means that PTCA having smallest particle size, zero dipole moment and 
high degree of crystallinity has the highest ability to reject NIR-radiations. On the other 
hand P5 has the least reflectance in this region due to considerable dipole moment and 
comparatively very low degree of crystallinity. The derivative P1 having zero dipole 
moment and relatively high degree of crystallinity than P4, has higher NIR-reflectance 
than P4. Similarly P3 with high degree of crystallinity and low dipole moment than P2 
has shown high NIR-reflectance. 
All the synthesized perylene derivatives including PTCA have shown a good initial 
dispersion in water based acrylic resins although pigment particles start settling after 48 
hours, whereas they form very stable dispersion in water based epoxy resins 
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1. Chapter 1 
Introduction 
 
Colour increases the attraction and even the durability of a product. It is an important 
marketing tool especially for automobile and plastic products for different applications. Dyes 
and pigments are the two categories of colouring material used to colour different products. 
Dyes are soluble in the solvent medium whereas pigments are insoluble.  Colourant is the 
term used collectively for dyes and pigments. Pigments are superior to dyes in regards to 
brilliance in colour and better light and weather stability. Based on the interaction of 
pigments with electromagnetic radiations, these are divided into two categories; cool 
pigments and traditional pigments. 
1.1 Cool pigments 
Cool pigments are the colouring materials which absorb strongly in the visible region and 
weakly in the near infrared (NIR) region of solar spectrum. Objects coloured by the use of 
these pigments remain relatively cool in comparison to those coated with traditional 
pigments. These pigments reject the NIR-part of solar radiation either by reflectance or by the 
transmission phenomenon. NIR-reflector pigments can serve as cool pigments without any 
special background or substrate whereas NIR-transmitters need another NIR reflector such as 
titanium dioxide as a background or substrate to serve this purpose.  
1.2 Traditional pigments 
Traditional pigments absorb strongly in the visible as well as in the NIR-region of solar 
spectrum. The objects coloured by these pigments are relatively hot because of extra heat 
gain due to absorption in the NIR-region. 
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1.4 Background  
Cool pigments have been well explored in cool roof technology(Bretz, 1997) and high solar 
reflectance is the primary requirement to keep the coated surface of roof as well as its interior 
cool. As the NIR-region constitutes nearly half of solar energy, the difference in the NIR-
reflectance of a material by one unit would result in the difference of total solar reflectance 
by 0.5 units. A recent study has shown that replacement of a traditional colourant by a cool 
colourant could result in the difference of solar reflectance of 22 units with corresponding 
temperature difference of 10.2ºC for summer condition(Synnefa, 2007). Therefore NIR-
reflectance becomes a very important property for those colouring materials where heat 
build-up is of concern. 
 
To date, there is a long list of cool pigments of inorganic origin such as metal coated pigment 
particles and composites consisting of colouring agent and a white pigments such TiO2  with 
another non absorbing pigment(Smith, 2003a, Smith, 2003b). More recently specialized 
complex inorganic colour pigments manufactured by Ferro and Shepherd (Babler, 2006) are 
available. 
 
On the other hand cool pigments of organic origin are not many. Examples of these pigments 
include black pigments containing copper phthalocyanine, azo pigments and few perylene 
based. The use of perylene based pigments in the formation of cool coatings has been 
described in a number of patents. A  United  State patent 6989056 describes the development 
of coating composition with enhanced colour and IR-reflectance by using 
Perylenetetracarboxylic acid diimide based pigments (C.I. Pigment Violet 29) in combination 
with halogenated copper phthalocyanine and pearlescent mica(Babler, 2006). PPG industries 
patented two dark coloured solar reflective coating systems; the use of perylene pigments is 
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specified in both. In one of their patented coatings, a two layered system has been used. The 
bottom layer contains highly NIR-reflective pigment such as TiO2 whereas the top layer 
contain dark coloured perylene pigment(Decker et al., 2008). PPG’s second patent describes 
the use of dark coloured perylene pigments in combination with special effect pigment to 
create coating systems which control the heat build-up while keeping the aesthetic 
look(Decker et al., 2010). 
 
Recently BASF patented two heat reflective black pigments lumogen® and palogen® both 
based on perylene core structure(Mizuguchil and et. al., 2006). Perylene dyes have also been 
used in camouflage painting because of their strong reflectance in the NIR region. Along with 
the ability to reflect in the NIR region, these dyes have all the characteristics of high 
performance colourants such as high thermal stability, high tinctorial strength, weather 
stability, and photo stability(Herbst and Hunger, 1997).  
 
It is clear that perylene based compounds (which can be called pigments) own all the 
characteristics of high performance pigments along with heat rejecting property, which make 
them suitable for use in coatings where dark colour and heat control are more desirable. 
There is a large number of perylene based pigments already specified in the literature and 
many more can be synthesized by condensation of amine with 3,4:9,10 perylene tetra 
carboxylic acid dianhydride. Now the question arises, does all perylene based derivatives 
have same ability to reject NIR-radiations? This is important to know as the overall NIR-
reflectance of a coating system will depend on the NIR-reflectance of dark coloured pigments 
used in that coating system. 
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Perylene pigments are known for dramatic change in their colour with small substituent 
change on the periphery of the pigments. For example, moving oxygen from position 3 in 
side chain of 3-oxapentylperylene (1.4-1) to position 4 in 4-oxapentylperylene (1.4-2) 
transforms the colour from red to black. The absorption maximum also changes from 564 to 
613 nm. The development of different colours in perylene derivatives is not associated with 
different degree of conjugation usually observed in organic pigments. Different studies in this 
regard reach different conclusions(Klebe et al., 1989, Kazmaier and Hoffmann, 1994).  
Graser and Hadicke and their co-workers concluded that area of overlap between the 
successive perylenes determines the shift of absorption maximum whereas Kazmaier and 
Hoffmann proposed the quantum interference effects for the shift of absorption maximum. 
More recently development of dark colour in the solid state has been attributed to two 
absorption bands in the visible region; one at shorter wavelength is of molecular character 
and the other at longer wavelength is due to interaction between transition dipoles(Mizuguchi 
and Tojo, 2002). In short, interaction of perylene derivatives with visible radiations varies 
with the change in the nature of substituent. This means perylene diimides having different 
N-substituents could interact differently in the NIR-region of solar spectrum. Therefore the 
main aim of this research is to elaborate how the difference in the NIR-reflectance is 
observed due to differently substituted perylene derivatives. In addition an attempt is also 
made to investigate the cause of the observed difference.   
 
 
 
Figure 1.4-1 3-oxapentylperylene diimide  
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O
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Figure 1.4-2 4-oxapentylperylene diimide 
 
Five different perylene derivatives namely P1, P2, P3, P4 and P5 would be synthesized in this 
project. The selection of these five derivatives is based on the chemical structural relationship 
between these derivatives. For example in P1 and P4, N-atom of PCI is attached to six carbon 
aliphatic alcohol and six carbon aromatic alcohol respectively.  Similarly in P2 and P3 
derivatives, N-atom of PCI is substituted by ethyl morpholino and propyl morpholino group 
respectively whereas P5 represents bay region substituted product of PTCA. 
 
Reflectance of a material has two components, specular reflectance and diffuse reflectance. 
Diffuse reflectance is a major component of reflectance in matt surface such as coatings and 
polymeric material. Reflectance of a material depends on a number of factors such as particle 
size, particle size distribution, particle shape, chemical composition, degree of crystallinity 
and refractive index.  Refractive index is associated with electronic structure of a material as 
TiO2 does exist in seven different phases having different refractive indices(Xavier  
Rocquefelte et al., 2004). Therefore differently substituted perylene derivatives due to 
different electronic structures are expected to exhibit different reflectance in the NIR-region. 
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1.5 Objectives  
The objectives of this research project are: 
 Synthesis of different perylene based derivatives 
 Comparison of NIR-reflectance of different synthesized derivatives after their 
dispersion in polypropylene keeping constant all the parameters such as 
concentration, dispersion time, thickness of sample etc. which could influence the 
observed NIR reflectance. 
 Comparison of NIR-reflectance of synthesized derivatives with commercially 
available pigments. 
 Study of the particle size and particles size distribution of synthesized perylene 
derivatives to evaluate their contribution towards observed difference in NIR-
reflectance. 
 To evaluate the electronic influence of different substituents of perylene derivatives 
on the NIR-reflectance of these derivatives. 
 Estimation of the degree of crystallinity of different perylene derivatives. 
 Study of the thermal stability of all synthesized compounds using thermal gravimetric 
analysis. 
 Study of the dispersion of these perylene derivatives in coating media.  
1.6 Thesis outlines 
The thesis is structured in five chapters; brief description of all these chapters is given below: 
1.6.1 Chapter one 
Chapter one will be focussed on the aim, objective and background of this research. It 
includes the questions which will be answered at end of this research work. 
 27
1.6.2 Chapter two 
This chapter will include all the literature review relevant to this research work. It will mainly 
include previous work done on perylene derivatives, and their use for the development of 
NIR-reflective coatings. Description of NIR-reflectance and the parameters affecting NIR-
reflectance would also be included along with the explanation of how this study will fill the 
gap between previous studies performed on these derivatives. A brief description of different 
characterization methods will also be given. 
1.6.3 Chapter three 
This chapter will describe all the materials, equipments, experiments and method used in this 
research project. It will also include the error analysis of experimental measurements. 
1.6.4 Chapter four 
This chapter will include a complete discussion of results of all the experimental work 
described in chapter three. This discussion will be divided into four sections. 
 The first section of this chapter will focus on the chemical characterization of 
different perylene derivatives synthesized in this research project. 
 Second section will be focused on the different properties of these synthesized 
derivatives. The studied properties include NIR-reflectance of these derivatives, 
their thermal stability and colouristic properties. 
 In the third section the emphasis will be on the study of different variables which 
could influence the NIR-reflectance of a material to figure out which factors 
predominantly influence NIR reflectance of these derivatives. This will help to 
recommend perylene derivatives which would give higher NIR-reflectance.  
 Last section will include a discussion on the preliminary trial of dispersion of 
these derivatives in different resins. 
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1.6.5 Chapter five 
This chapter will present conclusions from the whole research work along-with 
recommendation for further work. 
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2. Chapter 2 
Literature review 
2.1 Introduction 
In this chapter it will be discussed how the organic pigments are superior to inorganic 
pigments based on different performance criteria and the reasons why perylene based 
derivatives are selected for the study as NIR-reflective pigments. Rest of the chapter will 
focus on the existing knowledge about perylene and its derivatives, near infrared (NIR) 
reflectance and factors affecting the NIR-reflectance of a material. This will include different 
methods for the synthesis of different perylene derivatives, their unique characteristics such 
as crystallochromy, and their applications in different fields with special attention to their use 
as “cool pigments”. In addition, a brief review on different characterisation methods and 
techniques relevant to this research project will also be presented. 
2.2 Organic Pigments versus Inorganic Pigments 
Organic pigments offer a number of superior properties over the inorganic pigments such as 
purity in shade, brilliance in colour, high tinctorial strength and negligible toxicity associated 
with them. Due to these high quality characteristics, the use of organic pigments is more 
desired in high quality applications such as decorative coatings, automobiles and OEM parts. 
This led to a continuous increase in the demands of high performance organic pigments in the 
past years and this is expected to grow further by 2-3% per annum in the coming 
years(Faulkner and Schwartz, 2009). 
 
Another reason for the continuous growth in the demand of organic pigments is the existence 
of a large number of different classes available in the organic pigments and from each class, a 
number of different pigments can be created by introducing different substituents to the same 
main class. Table 2.1-1 gives a list of high performance organic pigments along with their 
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chemical structure used in different automotive applications. On the other hand, 90% of the 
worldwide tonnage of inorganic pigments is grounded on three main pigments which are 
carbon black, titanium oxide and iron oxide(Faulkner and Schwartz, 2009).  
Table 2.2-1 Different organic pigments and their chemical structure used in high performance 
applications 
Main class of 
pigment 
 
C.I. Pigment 
No. 
Chemical structure Manufacturer 
Benzimidazone 
Pigment 
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 CF3
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NN
N
O
O
 
Clariant intern. 
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O
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P.O. 66 
 
 
CIBA 
P.Br. 38 
 
 
BASF 
Tetrachloroiso-
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PY 110 
 
 
Perylene 
pigment 
 
PR 179 
 
BASF, Sun 
Chemical , 
CIBA, BAYER 
Diketopyrrolop
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PR 122 
 
 
PR202 
 
 
Dioxazine 
pigment 
 
PV23 
 
 
 
 
The only area in which inorganic pigments are winning over the organic pigments is the 
environment impact. To reduce the environmental impact, the use of near infrared (NIR) 
reflective pigments is becoming dominant as their use reduces the cooling energy 
consumption considerably. There are a large number of reports of NIR-reflective inorganic 
pigments in literature, whereas no such report is seen in the open literature for organic 
pigments. However some patents described the use of perylene based pigments and 
phthalocyanine pigments for the development of NIR-reflective coatings. This is indicating 
the potential of perylene based pigments to add one more quality into their list, however 
systematic study needs to be performed. The following sections will describe the existing 
knowledge about perylene and its derivatives. 
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2.3 Perylene and its derivatives 
Kardos discovered the first perylene dye in 1913. Perylene is a conjugated planar molecule 
with five fused phenyl rings (2.1) with strong π-π intermolecular interactions. This leads to its 
poor solubility in common solvents. Their low solubility in common solvents hindered the 
recognition of their fluorescent characteristics until 1959.  Since then various synthetic routes 
were attempted to modify perylene and its derivatives to improve their solubility(Langhals, 
1995). These dyes have been used as high performance pigments in a variety of applications 
such as automotives, textiles and other paints. However their highly fluorescent nature was 
not recognised until 1959 due to their low solubility.  
 
(2.1)  
                                                                       
Discovery of peryelene-3,4:9,10-tetracarboxylic dianhydride (2.2) opened a straightforward 
path for the synthesis of perylene dyes which commonly are perylene-3,4:9,10-
tetracarboxylic diimides (2.3) derivatives. Initially peryelene-3,4:9,10- tetracarboxylic 
diimides ( In short PCIs) were mainly used as industrial red vat dyes but later on they 
received special attention in academic as well as industrial dyes and pigment 
research(Zollinger, 1991). Some of PCIs have been found to be high grade pigments because 
of combination of many high-quality characters such as migration stability, insolubility in 
common solvents, weather fastness, high tinctorial strength and chemical inertness. They also 
exist in a wide range of colours from red to maroon and even black. Apart from their use as 
dyes and pigments, perylene derivatives have found a number of other applications. These 
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include their use as organic semiconductors, photoconductors, field effect transistors or 
photovoltaic devices(Herbst and Hunger, 1997).  
 
 
 
 
 
 
2.4 Synthesis of perylene derivatives 
Perylene-3,4:9,10-tetra carboxylic dianhydride (In short PTCA) is a good starting material to 
synthesize a variety of perylene derivatives. It offers two regions for the structural 
modifications. Peripheral region is referred to as head and tail whereas central region is 
referred as bay region (figure 2.4-1). Structural modification in peripheral region involves 
conversion of anhydride group into imide group with different N-substituents whereas for bay 
region, this involves the substitution at position 1, 6, 7 and 12.  
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Figure 2.4-1 Description of different region in PTCA 
2.4.1 Derivatization in the peripheral region of PTCA  
Symmetric perylene diimide derivatives can be synthesized by condensation of PTCA with 
an amine in 1:3 using suitable solvent (scheme 2.4-1). Condensation of PTCA with reactive 
primary aliphatic amines can be carried out in solvent like water and benzene without any 
problem whereas for less reactive amines, use of solvent like quinoline or molten imidazole is 
recommended(Lukac and Langhals, 1983). For least reactive aromatic amines, use of Zinc 
acetate or Zinc chloride as catalyst has been observed to be very effective(Rademacher et al., 
1982, Langhals, 1985).  
 
 
 
Scheme 2.4-1 Synthesis of PCIs from PTCA 
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Separation of synthesized PCI (2.3) from un-reacted starting material PTCA (2.2) is based on 
the fact that 2.2 with alkali such as sodium hydroxide or potassium hydroxide forms water 
soluble tetranion salt of tetracarboxylic acid (2.5). On the other hand PCI remains inert to 
alkali even at elevated temperature as shown in scheme 2.4-2. 
 
 
Scheme 2.4-2 Separation of PCIs from PTCA 
Nagao, Misono and coworkers were the first to achieve successful synthesis of 
unsymmetrical perylene diimides by partial sponification of 2.3 with concentrated sulphuric 
acid at 180-200°C. However this method was suitable only for aliphatic substituents as 
aromatic substituents face the problem of sulphonation of aromatic ring under these 
conditions(Nagao and Misono, 1981).   
 
Troster found another better synthetic route for the synthesis of unsymmetrical perylene 
diimide derivatives. The insoluble PTCA (2.2) was converted to readily soluble tetra 
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potassium salt (2.6) which is converted to monoanhydride monopotassium salt by moderate 
acidification with ortho phosphoric acid, which can easily be converted to monoimide 
monoanhydride (2.7) by condensation with primary amines in water(Troster, 1983). Further 
improvement to this method involves use of acetic acid instead of ortho-phosphoric 
acid(Kaiser et al., 1991). 
 
 
Scheme 2.4-3 Reaction scheme for synthesis of unsymmetrical perylene bisimide derivatives 
The mechanism of imide formation involves the nucleophilic attack of the nitrogen of an 
amine to the carbonyl group of dianhydride which gives amic acid an intermediate. This amic 
acid is converted to corresponding imide at high temperature or upon treatment with chemical 
dehydrating agent such as zinc acetate or acetic anhydride(Takekoshi, 1996). 
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Scheme 2.4-4 Procedure for the synthesis of 1,7 Dibromo-perylene-3,4:9,10-tetracarboxylic acid 
dianhydride        
Recently bromination at 1, 7 position was achieved successfully by the addition of iodine at 
80⁰C(Franceschin et al., 2004). The reaction scheme for two fold bromination of PTCA is 
explained in scheme 2.4-4. Even fourfold bromination was successful although at low yield 
(30%) by adding additional iodine and increasing the reaction temperature and time. More 
recently tetra-bromination of PTCA has been achieved at considerable good yield(Fan et al., 
2005). Displacement of bromine by other nucleophiles proved to be very simple. This results 
in the synthesis of many novel perylene diimide derivatives in which carbon, cyano, nitrogen 
and oxygen nucleophiles are coupled to central perylene core. 
2.5 Crystal structure of perylene derivatives 
Perylene pigments like many other organic pigments are known to exist in crystalline forms. 
The detailed study of crystal design of all the known perylene based compounds has not been 
performed yet. However so far study performed on a number of perylene compounds reveals 
that the molecules in perylene crystal are closed packed to form stacked arrangement. The 
preference for stacking geometry is determined by the coulomb interactions between the 
charged regions of the molecules, Van der Waals attraction favouring a large geometric 
O
O
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O
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O O
Br
Br
   H2SO4
 
Br2, I2,
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overlap of adjacent perylene cores and the steric hindrance induced by side groups of 
different size.                                                                                                                                                        
 
Most of the perylene based compounds crystallized in monoclinic phase with space group 
P21/c. However halogen substituted bis (benzylimido) perylene compounds have been 
observed to crystallize in different space group which range from P1, P2/a, C2/c, pbcn and 
P21/n(P. Zugenmaier et al., 2000). In a typical stacking arrangement, different perylene 
molecules do align themselves parallel to each other but they show some level of longitudinal 
(l) as well as transverse offset (t) as shown in the figure 2.5-1.  
 
 
 
Figure 2.5-1 Stack arrangement of different perylene diimide derivatives 
The interplanar spacing (d) between different perylene molecules, longitudinal offset (l) and 
transverse offset (t) vary among different perylene derivatives and it depends upon the nature 
of N-substituent in different perylene diimide derivatives. In general aliphatic N-substituents 
cause more longitudinal offset (l) than transverse offset (t), on the other hand aromatic N-
substituents have shown appreciable smaller longitudinal offset than transverse offset(Klebe 
et al., 1989). 
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2.6 Crystallochromy and Perylene pigments 
Generally the colour of an organic dye/pigment is determined by the electronic properties of 
the individual molecules from which that dyestuff is made of. However in solid state, 
electronic properties of an individual molecule are not sufficient to explain the colour 
development, and interactions between different molecules in close packed crystal 
arrangement determine the colour. This phenomenon of dependence of the colour of a 
material on the crystal packing is known as Crystallochromy. Perylene pigments like many 
other pigments such as squarains and phthalocyanine are known to exhibit this phenomenon.  
 
Perylene derivatives display a variety of shades in solid state from vivid red via maroon to 
black, but they all exhibit same colour in their solution form. Although the basic 
chromophore of different perylene pigments is same, very small change in the nature of N-
substituent results in dramatic change in the colour of the compound in solid state. For 
example, shifting oxygen from the position 3 in the side chain of 3-oxapentyl perylene (2.8) 
to position 4 in 4-oxapentylperylene (2.9) changed the colour from red to black. Similarly 
introduction of methoxy group at para-position of methylphenyl perylene (2.10) transformed 
the colour from red violet to black (2.11)(Kazmaier and Hoffmann, 1994). 
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2.9 (black) 
 
 
2.10 (red violet) 
 
2.11 (black) 
 
In solution perylene pigments break up into molecular level and therefore the colour 
formation can be explained by electronic properties of individual molecules. Interaction of 
side chain group of perylene derivatives is prohibited due to the presence of node on the N-
atom of perylene diimides. As a result colour formation is solely determined by central 
perylene core which is same for all perylene diimide derivatives. 
 
On the other hand in the solid state, colour development is influenced by the electronic 
interactions of the close packed molecules. Different studies reached to different conclusion 
for these intermolecular interactions. Graser & Hadickle (1984) found that transverse shift (t) 
of adjacent molecules in the stack is an essential factor for difference in the colour of the 
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pigment. An empirical formula has been derived by Klebe and his co-workers to describe the 
relationship between the visible absorption maxima (λmax) and different crystal parameters d, 
l and t (see the section 2.3 for detail) given in the following equation: 
λmax = 90718t2-82.009t-21.888l+735.329……………2.1 
They also observed that nature of N-substituent in the side chain of perylene derivatives 
influence the crystal parameter d, l and t. Different conformation of side chain group which 
leads to stable close packing in stacking arrangement of perylene derivative influence these 
parameters. A theoretical study performed by Kazmaier explained that photosensitivity (in 
other words colour development) cannot only be determined by the degree of overlap of 
adjacent perylene molecules, but the contribution of nodal characteristics of HOMO and 
LUMO orbitals of individual perylene molecules is also important(Kazmaier and Hoffmann, 
1994). 
 
Mizuguchi (2002) revealed that difference in the colour in the solid state is due to second 
absorption band in the longer wavelength region. The absorption band at shorter wavelength 
is of molecular character and is common for all perylene derivatives whereas absorption band 
at longer wavelength originates due to interaction between transition dipoles. This leads to 
difference in the colour in the solid state depending upon the extent of resonance interactions 
between transition dipoles. For the small interactions, red colour appears whereas maroon and 
black colours appear for medium and strong interactions respectively(Mizuguchi and Tojo, 
2002, Mizuguchi, 2006).  
2.7 Applications of perylene derivatives 
Perylene derivatives have found a variety of applications which range from their use in 
electro photographic photoreceptors, light emitting diodes, field-effect transistors, solar cells 
and many other optoelectronic and photonic devices. For all these applications, their low 
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sensitivity in the near infra-red (NIR) region was the only limitation. Different attempts were 
made to improve their sensitivity in the NIR-region. 
 
These derivatives are in use for camouflages for a long time because of their high NIR-
reflectance. However more recently low sensitivity of perylene derivatives in the NIR-region 
benefits them for their application as “Cool Pigments”.  As this project is focused mainly on 
the NIR-reflective properties of perylene derivatives, the use perylene pigments as cool 
pigments or NIR-reflective pigments will be discussed in detail in the following section. 
2.8 The use of perylene derivatives as cool pigments 
  The use of perylene derivatives as pigments is described in a number of patents for the 
development of dark coloured heat reflective coatings which indicates that these pigments 
have vast potential in this field. A patent by Ciba Speciality Chemicals Corporation (United 
States patent 6989056) described the use perylenetetracarboxylic acid diimide C.I. Pigment 
Violet 29 (2.12 ) in combination with halogenated copper phthalocyanine C.I. Pigment green 
7 to achieve black pigment composition with significant high reflectance in the NIR-region.  
NN
O
O
O
O
HH
(2.12)  
However the actual structure and the name of perylene diimide derivative used is not 
disclosed in most of the patents. For example two recent patents filed by PPG Industries 
(United States Patent Application 20080187708 and 20100047620) used perylene based 
pigment to provide dark colour to coating which has ability to resist absorption of the NIR-
radiations of solar spectrum, but actual name of the pigment was kept hidden.  
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Two black pigments Lumogen® and Paliogen® commercialised by BASF have also been 
developed from 3, 4: 9, 10-perylene tetracarboxylic acid diimides. These pigments have been 
developed from one of perylene diimide derivatives shown in figure 2.8-1) by calcination at 
temperature 200ºC to 600ºC in vacuum or in an inert gas atmosphere(Mizuguchil and et. al., 
2006). They claimed that these pigments absorb significant less amount of solar energy in 
comparison to traditional pigment carbon black with similar visual black colour. A recent 
study by Levinson et al on 87 different pigments also classified perylene pigment as cool 
pigment(Levinson, 2005). 
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Figure 2.8-1 Different perylene derivatives used for Lumogen 
2.9  Perylene pigments as cool pigments 
Perylene pigments behave as cool pigments because of their inherent ability to interact 
differently in the different wavelength region of electromagnetic spectrum. They absorb 
strongly in visible wavelength region of electromagnetic radiation whereas absorb weakly in 
the near infrared (NIR) region of radiations. Strong absorption in visible region gives these 
pigments visual appearance of darkness whereas their low absorption in the NIR-region helps 
them to
to tradit
 
Before 
it, a bri
interact
followin
2.10 E
Electrom
compon
wavelen
visible, 
The freq
 
F is the 
 
 
 keep coate
ional pigm
detailed dis
ef knowled
ions of the
g section. 
lectroma
agnetic ra
ents propa
gths of en
ultraviolet,
uency of l
frequency 
d surface a
ents which 
cussion on 
ge of electr
se radiation
  
gnetic ra
diation is a
gating thro
ergy which
 X-ray and 
ight is relat
of light, c is
nd interior 
absorb stro
the near inf
omagnetic 
s with ma
diations a
 term used 
ugh space. 
 include (fr
gamma ray
ed to wavel
ܨ
 the velocit
 46
cool by co
ngly in both
rared (NIR
radiations 
tter is requ
nd its int
for wave e
The electr
om lowest 
s. Light is 
ength of lig
ൌ ௖ఒ………
y of light i
ntrolling th
 visible as 
) reflectanc
and differe
ired. Thes
eraction 
nergy cons
omagnetic 
to highest 
also a form
ht as show
….2.2 
n vacuum, λ
e heat build
well as the 
e and vario
nt phenome
e are descr
with mat
isting of ma
radiations c
energy) rad
 of electrom
n in the equ
 is wavelen
-up in com
NIR-region
us factors a
na associa
ibed briefly
ter 
gnetic and
onsist of d
io, micro, i
agnetic rad
ation 2.2. 
gth of ligh
parison 
. 
ffecting 
ted with 
 in the 
 electric 
ifferent 
nfrared, 
iations. 
t. 
 
 47
Figure 2.10-1 Electromagnetic radiations 
 (From 2006 Southwestern Universities Research Associations on 
website:http//www.aip.org/history/exhibits/laser/sections/raydevices) 
Interaction of electromagnetic energy with matter result in one or all of the following 
phenomenon’s 
 Absorption 
 Transmission 
 Reflectance 
 Scattering of light 
2.10.1   Absorption 
The chemical composition of a material may have chromophore or a component of a 
molecular structure that interact with and absorb a portion of electromagnetic radiation. 
Absorption of light energy may result either in the development of colour or generation of 
free radical species and electrons or heat build-up depending upon which wavelength region 
of electromagnetic radiation is absorbed by a particular material. Absorption of energy in the 
visible region of electromagnetic radiation by an object results in colour development 
whereas absorption of light energy in IR-region results in heat build up 
2.10.2  Transmission 
When light strikes an object, a part of it is just passed thought it, known as transmitted light 
and the phenomenon is called transmission. 
2.10.3  Reflectance 
In this case electromagnetic radiations neither get absorbed nor passed through an object but 
come back after impinging an object. Percent reflectance is the amount of electromagnetic 
energy reflected from an object at a specific wavelength.  
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scattered due to difference in the refractive index of pigment and polymer. A portion of this 
scattered light exits the object and is included in the reflectance measurements and 
contributes towards diffuse reflectance.  
2.11  Solar spectrum 
Solar spectrum covers 200nm to 2500nm wavelength regions of electromagnetic radiations. 
Solar radiations consist of three types of radiation which are ultraviolet-radiations (200-
400nm), visible radiations (400-700nm) and near infrared radiations (700-2500nm). Of the 
total solar energy 5% falls on the earth in the form of ultraviolet, 43% in the form of visible 
and 52% in the form near infrared (NIR) energy. Figure 2.11-1 shows the solar irradiance 
spectrum. Solar irradiance is the amount of solar energy impinging on a specific area of the 
earth per unit time per unit wavelength. It is measured in watts per square meter per 
nanometre wavelength. 
                                                                                                                                                                              
 
Figure 2.11-1 Solar spectrum (Levinson, Berdahl & Akbari 2005) 
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2.12  Near infrared (NIR) reflectance 
Reflectance in the near infrared region (700-2500) nm of solar spectrum is called NIR-
reflectance.  The reflectance of a material (R) is related to absorbance (A) by the relationship 
given in equation 2.3. 
A=log1/R…………2.3 
Pigments which have ability to reflect significant amount of NIR-energy are called NIR-
reflective pigments. The use of these pigments is highly desirable where control of heat 
builds up is the main requirement. There are a number of factors on which NIR-reflectance of 
a pigment depends: 
2.12.1 Particle size 
Particle size is an important factor to be considered as it can influence the reflectance of the 
sample to a considerable extent.  There are two theories which explain the relationship 
between particle size and NIR reflectance of a material. The Mie theory describes this 
relationship well for spherical particles that are isolated and homogenous whereas Kubelka-
Munk theory is well accepted to describe the relationship between the reflectance and particle 
size in coatings where the particles are non-spherical and inhomogeneous. 
According to KM theory  
(1-R∞)2/2R∞≡F(R)═K/S 
Where K is the absorption coefficient, S is scatting coefficient and R∞ is the reflectance of 
the sample at infinite thickness. F(R) is called the KM function also known as remission 
function. The reflectance of the sample depends upon the ratio of K and S but not absolute 
value of K and S. When the size of a particle decreases, scattering coefficient increases and 
therefore the reflectance of sample increases, in other words there is inverse relationship 
between particle size and reflectance of material. A recent study on the  influence of  particle 
size on NIR reflectance has revealed that  NIR reflectance can increase upto15% by 
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decreasing the particle size from micron to nano-size for chemically same material 
(Jeevanandam et al., 2007). 
2.12.2 Concentration and particles distribution in the medium 
Concentration is another factor which is known to affect the NIR-reflectance of material. 
Concentration can be fixed to avoid its affect but concentration difference could be developed 
through uneven distribution of pigment particles. For example if pigment particles are not 
evenly distributed then few regions will be having more number of pigment particles per unit 
area in comparison to those areas where the number of pigments is relatively low per unit 
area. In other words there will be difference in the concentration of pigment material. 
Therefore different results would be observed in spite of fixing the concentration. Therefore it 
is important to achieve reasonable even distribution of pigment particles in the vehicle 
medium by fixing the other parameters such as mixing mode, mixing time and number of 
revolution per unit time to apply same force. 
2.12.3 Refractive index of Pigment 
Refractive index, which is the ratio of speed of light in vacuum relative to that in the 
considered medium (equation 2.4) also influence the NIR-reflectance. 
ή=c/υp…………………2.4 
Here ή is refractive index of substance, c is velocity of light in vacuum and υp is velocity of 
light through the medium under consideration.  
 
For chemically dissimilar pigments, it has been observed that the pigments with high 
refractive indices have higher NIR-reflectance. This effect is well studied for inorganic 
pigments(Jeevanandam et al., 2007). However this factor is expected to be more pronounced 
in organic pigments as refractive index is associated with electronic structures(Xavier  
Rocquefelte et al., 2004). Therefore difference in the refractive index would originate due to 
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different substitution or structural modifications which are common in organic compounds. 
This factor can be evaluated indirectly by evaluating the influence of different substituents. 
This can be performed easily by computer aided software to estimate these effects 
theoretically as performed in the earlier studies. 
2.12.4 Degree of Crystallinity 
In the recent years it has been realised that NIR-spectroscopy especially if run in diffuse 
reflectance mode can be used as non-destructive method to estimate the percentage of degree 
of crystallinity in many pharmaceutical drug compounds(Birju Shah et al., 2006, Seyer et al., 
2000). This method has been found to be equally accurate as the X-ray diffraction pattern 
traditionally used to estimate the degree of crystallinity of a given compound(Otsuka M. et 
al., 2000). A study has found a strong difference in the crystalline form and amorphous form 
spectra especially in the wavelength region 1100-1800nm(Blanco M. and Villar A., 2003). 
This means degree of crystallinity is having direct impact on the diffuse reflectance of a 
material. 
2.12.5 Other factors 
In addition to the above specified factors, there are many other factors which need 
consideration when dealing with organic compounds. All these factors such as dipole 
moment change and mechanical anharmoncity associated with vibrations of a given bond, 
which causes absorption in the NIR-region are discussed in more detail in the following 
section near infrared spectroscopy.  
2.13 Near infrared spectroscopy 
The NIR-energy was not recognised until 18th century. It was Sir William Herschel who first 
time discovered NIR-energy while studying the heating effect in the spectrum of solar 
radiations(Kufazvinei et al., 2009). He used a large glass prism to disperse the sunlight. He 
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Gn = En/ hc  = ν0 (n+1/2) - X ν0 (n+1/2)2 ....................    2.5 
Here Gn is allowed energy levels, En is energy of given vibration level, h is Planck’s constant, 
c is speed of light and X is anharmoncity constant associated with the vibration of a bond. 
 
Here ν0 is wave number corresponding to frequency ν and is related to force constant k as  
ν0=1/2πc (k/m)1/2 ................................................ 2.6 
Here k is force constant of the bond, m is reduced mass and is given as  
m=m1m2/(m1+m2) ................................................ 2.7 
From equation 2.5 it is clear that if X is small, the value of Gn will be large and signal of 
absorption will be observed in mid infrared region rather than in the NIR region. This is well 
illustrated by the example of polytetrafluoroethylene (PTFE). In PTFE, a strong absorption 
band at 1200cm-1 is observed in the MIR-region due to large change in the dipole moment of 
C-F bond. However due to small anharmoncity constant of the order of 4x10-3(P.Wu and 
Siesler, 1999), its first and second overtones that are expected at 2400cm-1 and 3600cm-1 
respectively have reduced intensity, appeared in MIR-region and no further overtone 
vibration of this functionality can be observed in the NIR region as its intensity get reduced 
appreciably. 
 
Anharmoncity also plays an important role in the evaluation of the fundamental and overtone 
vibration intensity of functionality with hydrogen bonding tendency such as (O-H group)  
(Hsien-Hsin Tung et al.). Figure (2.13-3a) shows the MIR spectrum of the region of 
polyamide 11 film of thickness 30µm at room temperature. As majority of N-H group exist as 
associated hydrogen bonded form, absorption signal due ν0assoc at 3300cm-1 is more dominant 
in comparison to ν0free at 3450cm-1 in MIR-region. When the same film at thickness of 750µm 
is evaluated in NIR-region (figure 2.13-3b ), the intensity ratio is reversed due to larger 
 anharm
1relative
 
Figu
onicity, the
 to the corr
re 2.13-3 (a)
 intensity o
esponding 
 MIR spectru
f the ν0free o
overtone vi
m of Polyam
 55
vertone ab
bration of ν
ide 11 (b) NI
sorption is 
0assoc at 651
R spectrum 
strongly enh
0cm-1(Sies
of Polyamide
anced at 6
ler, 1991). 
 11(P. Wu, 1
760 cm-
 
 
999) 
 56
2.14 Dispersion of colourants/pigments  
Stable and uniform distribution of pigments in coating medium is essential to achieve 
optimum pigment properties of a pigment. The pigments need to be dispersed in a vehicle by 
suitable means such as grinding in ball mill to achieve the required fineness.  Care needs to 
be taken while grinding as over grinding can break the particles and hence could affect the 
colour and NIR-reflectance 
2.14.1 Dispersion of Colourants/pigments in polymers 
To provide colours to thermoplastic polymers, colour is mixed with polymers by melt mixing 
process in which polymer is heated up to its melting point and then colour is mixed in it to 
achieve uniform dispersion of colourant/ pigment particles in the polymer. The Rheocord 
9000, Haake internal batch mixer is one of the commonly used equipment for this type of 
mixing process(Natalia V et al., 2007). It operates with two blades in counter rotating 
configuration and can hold polymer mass of about 50g. 
2.14.2 Dispersion of pigments in coating medium 
Coating is a material that is applied to substrate, which forms a film upon drying. 
Classification of a coating as an organic or inorganic seems inappropriate as there is generally 
an overlap. For example many coatings contain inorganic pigment particles dispersed in an 
organic binder matrix. 
 
In general, a coating contains four components; (1) Binders, (2) Solvent, (3) 
Colourant/Pigments and (4) Additives. 
 
Binders are materials that form continuous film that adheres to the substrate and it also binds 
together the other substances in the coating to form a film. The binders used in coatings are 
generally organic polymers.  In some cases, these polymers are prepared and incorporated 
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into the coatings before their application, whereas in other cases final polymerisation takes 
place after the application of the coatings.  Binder polymers and their precursors are 
commonly known as resins. The commonly used resins in coatings include acrylic resins, 
amino resins, epoxy resins, alkyds resins, urethane resins, poly(vinyl acetate) resins (PVA) 
and poly(vinyl chloride) resins (PVC). Acrylic resins and epoxy resins are used in this 
research project to test the dispersion of synthesized pigments in those resins. Therefore only 
acrylic resins and epoxy resins will be discussed in details.  
2.14.2.1  Acrylic resin 
Acrylic resins are used as binders in a wide variety of industrial coatings. They offer high 
photo-stability and resistance to hydrolysis. These resins can be classified as thermoplastic 
acrylic resins (TPA) and thermosetting acrylic resins (TSA).  
 
Thermoplastic acrylic resins (TPA) are polymerised by chain growth mechanism, before their 
application. They offer an excellent outdoor durability, but they use large amount of solvent 
to reduce their viscosity for application. In recent years their use has been declined in 
response to volatile organic compound (VOC) regulation. 
Thermosetting acrylic resins (TSA) on the other hand are polymerised after their application. 
They offer good cross linked film properties. 
 
In general acrylic resins are polymers of acrylic acid monomers such as methyl methacrylic 
acid (MMA), acrylic acid (AA), butyl acrylic acid (BA) and their ester counterparts. However 
use of hydroxyl functionalised acrylic acid is common as one of the monomer to increase the 
solid content of resin to reduce VOC emission(Hill L W and Kozlowski K, 1987). In TSA 
resins, different acrylic monomers are polymerised by free radical initiated chain growth 
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polymerisation, by using aromatic organic solvent as polymerisation medium(Armat R and et 
al, 1996).  
 
 
 
In recent years water borne acrylic resins are becoming more popular as they lower the VOC 
emissions in coatings.  
2.14.2.2  Water borne acrylic resins 
These resins sometimes called water soluble resins, but this terminology is misleading as 
these resins are not water soluble. Actually, solution of amine salts of these resins in organic 
solvents can be diluted with water to form reasonable stable dispersion of polymer aggregates 
swollen by solvent and water. Therefore the correct terminology for these resins is water 
borne or water based rather than water soluble resins. The term water reducible resin is used 
if most or all the molecules of resins have hydrophilic groups(Zeno et al., 2007). 
 
Water reducible acrylic resins typically have acid number of 40 to 60 to provide stable 
dispersion at application viscosity. Low acid number favours relatively un-swollen 
aggregates keeping viscosity down, but if the acid number is too low, the system separate into 
macro-phases instead of forming stable micro phase dispersion. 
2.14.2.3  Epoxy resins 
Epoxy groups are three membered cyclic ethers: in IUPAC and Chemical Abstracts 
nomenclature, they are called oxiranes. Most commercial epoxy resins are derived from 
chloromethyl oxiranes which are commonly known as epichlorohydrin (ECH). These resins 
OH
O
O
O
O
O
AA MMA BAA
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generally contain oxiranylmethyl ether or ester called glycidyl ethers and glycidyl esters 
respectively. 
     
CH2 CH
O
C
H2
Cl
        ECH                                    
 
Bisphenol A (BPA) is the first epoxy resin used in coatings, produced by reacting BPA with 
ECH under basic conditions. The BPA can be represented as shown figure 2.14-1. 
 
 
 
Figure 2.14-1 BPA and BPA epoxy resin 
 
The viscosity of this system depends upon the value of n. The viscosity of this system 
increases as the value of n increases(Surikov P V et al., 2010). Later on Bisphenol F (BPF) 
epoxy resin was developed by replacing BPA by BPF. This offered an advantage of having 
low viscosity at same value of n as in BPA. Further reduction in the viscosity has been 
achieved by reacting BPA with an alcohol such as t-butyl alcohol followed by the reaction of 
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the resultant hydroxyl group with the ECH using tetramethyl ammonium chloride as 
catalyst(Payne K L and Puglisi J S, 1987). Other alternative to reduce the viscosity of these 
resins includes substitution of flexible diol for BPA in the advancement process(Massingill J 
L and et al, 1990). 
 
 
To increase the storage stability and reduce the cure time of epoxy resins, generally amines 
are added. The amine group reacts with the epoxide group to form covalent bond. The 
resulting polymer is heavily cross linked, which makes it very hard and strong. However the 
reactivity of amine and epoxide group is too high at ambient temperature to provide sufficient 
storage stability. To solve this problem, blocked-amine cross linkers are used. Ketones react 
with primary amine to form ketimine, which do not readily react with the epoxide group. 
Ketimines, however upon exposure to moisture, hydrolyse and release free amine and ketone. 
Therefore ketimine-epoxy resin system offer indefinite stability in absence of water. It also 
offers good cure after exposure to ambient moisture. 
 
To reduce the emission of volatile organic solvents, water borne epoxy resins are replacing 
the solvent borne epoxy resins.  
2.14.2.3.1  Water borne Epoxy resins 
Water borne epoxy resins allow the dilution by water. One approach is to incorporate 
emulsifying agents in either or both the amine and epoxy package, which permits the addition 
of water during mixing. However some loss of epoxy groups is expected during shelf life of 
OH OH
H
H
BPF
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mixed coating due to high water content.  Epoxy resins with the properties close to solvent 
borne coatings have been achieved by the use of self-emulsifying epoxy resins and 
polyamides by use of surfactants(Wegmann, 1993). In another approach use of advanced 
BPA epoxy resin emulsified with an epoxy-terminated surfactant together with a glycidyl 
ether of C8-C14 alcohols and amino-acid cross linker resulted in water borne epoxy resins 
with the properties equal to solvent borne epoxy resins(Stark C and et al, 2001). 
2.15 Characterization of perylene derivatives and different techniques  
Mass spectroscopy, nuclear magnetic resonance (NMR) spectroscopy and infrared 
spectroscopy (IR) are commonly used techniques to characterise organic compounds. Due to 
low solubility of all the synthesized perylene derivatives in common solvents, mass 
spectroscopy could not be used, therefore NMR and IR spectroscopy were used for 
characterization of these derivatives in this project. A brief description of these two 
techniques and experimental set up is described below. 
2.15.1 Proton nuclear magnetic resonance spectroscopy (1H-NMR) 
Proton nuclear magnetic resonance spectroscopy gives a map of all different hydrogen atoms 
in a given organic compound. This technique combined with mass spectroscopy and infrared 
spectroscopy helps to characterise an unknown organic compound. 
 
This technique is based on the fact that hydrogen nucleus (1H) with one proton has its own 
magnetic field. When sample containing these nuclei is placed between the poles of a strong 
magnet, then these nuclei orient in such a way that their own magnetic field is either aligned 
parallel or anti-parallel to applied external field. These two orientations have different 
energy; the parallel orientation is more favoured and is lower in energy in comparison to anti-
parallel orientation as shown in the figure 2.15-1. When these orientated nuclei are now 
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ppm) due to electronegative atom chlorine attached to this unit. The signal due to –CH2 
protons is split up into quartet due to methyl (-CH3) protons. NMR signal due to methyl 
protons appears on the up field side at δ 1.15 ppm and this signal splits up into triplet by two 
neighbouring protons (-CH2). 
 
 
Figure 2.15-2 Schematic representation of NMR-spectrometer(Richards and Hollerton, 2010) 
 Position of an absorption in the NMR chart is usually calibrated with respect to standard. 
Tetramethyl silane (TMS) is a commonly used standard in NMR spectroscopy, however the 
use of its salt such as dimethylsilyl propane sulphonic acid (DSS) and 3-trimethyl silyl 
propanoic acid (TSP) is also common as internal standard as well as external standard(Larive 
et al., 1997). The position on the chart at which a proton or nucleus absorbs in the NMR 
charts is called its chemical shift and is measured in delta scale. By convention, the chemical 
shift of TMS or other standards is set at Zero delta. 
 
Similarly NMR-signals in the chemical shift δ 5.5-9.0 ppm range give strong indication of 
existence of aromatic protons in a molecule. 
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Figure 2.15-3 1H-NMR spectrum of chloroethane 
 
2.15.2 Infra-red spectroscopy 
2.15.2.1 Theory 
Infra-red spectroscopy is an excellent technique to identify the functional groups in a given 
organic compound. This deals with infrared region 14000-10cm-1 (0.8-25) µm wavelength of 
the electromagnetic spectrum. The mid infrared region 4000-400 cm-1 is the most important 
region for the characterisation purpose. 
 
Infrared spectroscopy exploits the fact that molecules absorb specific frequencies that are 
characteristics of their structure. These absorptions are resonant frequencies which are related 
to the strength of the bond and the mass of the atoms at either end of it as shown in equation 
2.8. 
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Figure 2.15-4 optical layout of a typical FTIR spectrometer (Leng Yang, 2009) 
Analysis of IR-spectrum reveals the presence of different functional groups in a given 
organic compounds. For example compounds having carbonyl group (-C=O)  show strong 
absorption signal in the frequency range 1680-1750 cm-1, similarly aliphatic alcohols give 
strong absorption signal at around 3300 cm-1 characteristics of aliphatic –OH group. For 
perylene derivatives  clear distinction of 3,4:9,10-perylenetetracarboxylic dianhydride from 
3,4:9,10-perylenetetracarboxylic diimide can be made as imide carbonyl (N-C=O) absorbs in 
the wavenumber range 1650-1700 cm-1 whereas anhydride carbonyl (O-C=O) absorbs in the 
wavenumber range 1720-1760 cm-1(Nagao et al., 1985).  
2.16  Thermal analysis 
According to the international confederacy of thermal analysis and calorimetry (ICTAC), 
thermal analysis is defined as a group of techniques in which a property of a sample is 
monitored against time and temperature in a specific programmed atmosphere. This program 
should involve heating or cooling at a fixed rate of temperature change, holding the 
temperature constant or any sequence of these(Hill JO, 1991). Thermal analysis includes 
thermo gravimetrical analysis (TGA) and differential thermal analysis (DTA). 
 67
 
 Thermo-gravimetric analysis measures the mass loss or gain of a material as a 
function of the temperature and time. 
 Differential thermal analysis (DTA) measures the difference between the sample and 
a reference material as a function of temperature as they are cooled, heated or kept at 
constant temperature(Yariv S., 2002, Hill JO, 1991) 
 
Perylene derivatives are known to have good stability against heating but their thermal 
stability varies with the introduction of different substituents and a set of thermal degradation 
temperature is also known to depend on the nature of substituent. Perylene derivatives having 
thermal stability up to 530°C are also known(Xerox Corp., 1991, Turkmen et al., 2009) but 
some of the perylene derivatives have low thermal degradation temperature of 220°C(Y. D. 
Kim et al., 2009).  
2.17 Particle analysis 
A number of techniques are available for the particle analysis. Dynamic light scattering 
(DLS), laser diffraction, sieving and sedimentation techniques are quite commonly used for 
analysing particles, but all these techniques have some associated errors and limitation as 
they rely on some other parameter.  For example DLS give good estimation of particles size 
for particles of size range 0.005-1 micron, and estimation is quite poor for the particles falling 
out of this particle size range. Moreover good precision and repeatability can only be 
achieved for very narrow particle size distribution. Similarly not much information regarding 
the particle shape can be obtained from these techniques. (R. Finsy, 1994, Chu, 1991). 
Microscopy is the only technique in which particles are actually visualised and complete 
information about the particle shape can be obtained. However this technique is limited by its 
resolution, which is overcome by scanning electron microscopy which serves good resolution 
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in addition to actually visualising each particle individually. Particle size can be analysed by 
use of computer aided software on SEM micrographs(Cristiana-Zizi Rizescu et al., 2011). 
2.18 Study of electronic influence of different substituents in perylene      
derivatives 
To evaluate how the different substituents influence different parameters electronically, 
computational study was performed on different synthesized perylene derivatives. 
 
Computational study is cheap and quicker than experimental methods to solve different 
chemical problems on computer using different tools(Erol G. Lewar, 2011, Schaefer HF, 
2001). Different tools used for computational study include Molecular Mechanics (MM), Ab 
Initio calculations, Semi empirical calculations and Density functional theory (DFT) based 
calculations. 
Molecular Mechanics is based on model of molecules, a collection of balls (atoms) held 
together by spring (bonds). It is a fast method and can be used for large molecules such as 
steroids. 
Ab Initio calculations are based on the Schrodinger equation. The Ab initio method solves 
the Schrodinger equation for molecules to give us an energy and wave function. The wave 
function is a mathematical function which is used to calculate the electron distribution. From 
electron distribution, different properties of molecules such as its polarity, bond lengths and 
dihedral bond angles etc can be calculated. This method is very slow and is suitable only for 
small molecules. 
Semi empirical calculations are based on Schrodinger equation, with more approximations 
in solving it. The very complex integrals are difficult to calculate by this method. This 
method is slower than Molecular Mechanics (MM) but faster than Ab Initio method. 
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Density functional theory (DFT) calculations are also based on Schrodinger equation. DFT 
calculations, unlike semi-empirical method and Ab Initio method do not calculate wave 
function; rather it directly derives electron distribution function. This method is slower than 
MM but faster than Ab Initio method as well as Semi-empirical method. 
 
DFT method has been recently developed and is gaining continuous popularity for solving a 
number of chemistry problems. Walter Konh was awarded Noble prize in Chemistry for the 
development of this method(Parr and Yang W., 1989). This method has been successfully 
used for the study of substitution influence both in the bay region as well as in the peripheral 
region of perylene derivatives(Liang et al., 2009). 
2.19 X-ray diffraction analysis 
X-ray diffraction technique is the most definitive method for detecting and quantifying the 
degree of crystallization in any material (Saleki-Gerhardt et al., 1994, Pikal et al., 1986, 
Yoshioka M et al., 1994). This method can be used to quantify noncrystalline material down 
to 5% with good precision.  
 
XRD-diffraction pattern of crystalline material shows strong diffraction peaks, on the other 
hand amorphous material exhibit diffuse and halo diffraction pattern. Moreover drift in the 
baseline of XRD-diffraction pattern is seen due to presence of amorphous region in a 
material. According to the Bragg’s law, diffraction will occur when the equation 2.10 is 
satisfied. 
nλ=2dSinθ…………2.10 
X-ray method for the estimation of degree of crystallinity is based on the measurement of X-
ray scattering from the entire sample(Suryanarayan R, 1995). The experimentally measured 
intensities are proportional to crystalline xc and amorphous fractions xa of the sample. 
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xc=pIc, and xa= qIa 
Here xc and xa are crystalline and amorphous fractions, p and q are proportionality constants. 
Using these assumptions, degree of crystallinity (Xcr) can be estimated as 
ܺ௖௥ ൌ ݔ௖ 100ܫ௔ ൅ ܫ௖ 
 
2.20 Summary 
Organic pigments are superior to inorganic pigments in many respects, such as brilliance in 
colour, high tinctorial strength and low toxicity issues. There is a large number of inorganic 
pigments with high reflectance in the NIR-region, showing the potential for their use in cool 
coating. However among organic pigments only perylene based pigments seem to have the 
ability to reject NIR-part of solar radiation as described in few patents.  
 
Perylene pigments can be synthesized from the perylene-3,4:9,10-tetra carboxylic acid 
dianhydride (PTCA) by its derivatization in the bay and peripheral regions. The products of 
peripheral derivatization of PTCA are usually N,N’-perylene-3,4:9,10-tetracarboxylic 
diimides whereas bromination at 1,7 position of PTCA is the way to introduce different 
substituents in bay region of PTCA. These derivatives can be characterised chemically by 1H-
NMR and IR-spectroscopic techniques. 
 
NIR-reflectance of a material depends upon a number of factors such as pigment particle size, 
their distribution in medium and concentration, refractive index, degree of crystallinity and 
anharmoncity associated with vibration of chemical bonds of constituent molecules.  
Particle size analysis, particle size distribution and other relevant analysis can be performed 
using scanning electron micrographs with the help of computer aided software such as image 
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J software. This method has advantage over other methods such as laser diffraction and DLS 
because individual particles can be visualised due to high resolution of ESEM. 
 
Refractive index of a material depends upon the electronic environment of its constituent 
molecules; therefore chemical modification in a molecule could lead to different NIR-
reflectance. Theoretically, influence of chemical modifications can be studied by computer 
aided software such as GAUSSIAN03 computer program which is commonly used to 
perform DFT calculation.  
 
Degree of crystallinity can be estimated from X-ray diffraction patterns whereas other factors 
such as anharmonicity associated with the vibration of a given bond is judged from the 
intermolecular forces such as H-bonding. The species which have strong intermolecular H- 
bonding are known to have strong overtone absorption in the NIR-region and low reflectance 
in this region in comparison to species having weak intermolecular H-bonding. 
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3. Chapter 3 
Experimental Part 
3.1 Introduction 
This chapter describes all the materials and equipments used in this study. In addition, 
synthesis of different perylene derivatives and their characterization, sample preparation for 
different studies along with technical details of different experimental set up are incorporated 
in this chapter. 
3.2 Materials 
The Perylene-3, 4:9,10-tetracarboxylic acid anhydride was obtained from TCI Europe and 
used as starting material for the synthesis of different perylene bisimide derivatives (just to 
clarify that perylene diimides and perylene bisimides have same meaning). Ethylene glycol 
supplied by CHEM supply was used as solvent for the synthesis of all N,N’-disubsituted 
perylene bisimide derivatives. The sulphuric acid from Sigma Aldrich was used as solvent to 
synthesize 1, 7-dibromo-perylene-3,4:9,10-tetracarboxylic acid anhydride. A brief description 
of all chemicals used for the purpose of synthesis of different perylene diimide derivatives is 
given in the table (3.2-1). 
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Table 3.2-1 Description of suppliers of different Chemical used 
Chemical CAS No. Physical state Supplier 
6-Amino-1-hexanol 4048-33-3 Solid Aldrich 
4-(3-Aminopropyl)-
morpholine 
123-00-2 Liquid Fluka 
4-(2-Aminoethyl)-
morpholine 
2038-03-1 Liquid Aldrich 
p-Amino-phenol 123-30-8 solid BDH Laboratory 
Chemical Division, 
England 
Sulphuric acid 7664-93-9 Liquid (97%) Sigma-Aldrich 
 
To compare NIR-reflectance of different pigments, all the pigments were dispersed in 
polypropylene Adflex X 500F by Lyondell Basell. All the resins used as dispersion medium 
for coatings were from Nuplex-Australia.  The list of different resins used along with their 
trade name is given in the table 3.2-2. 
Table 3.2-2 Description of different resins 
S. No. Chemical composition of resin Trade name 
1 Water based acrylic resin Setalux Trim 2000 
2 Solvent based acrylic resin Tires 4022 
3 Water based epoxy resin Epidene-400 
4 Solvent based epoxy resin Epidene-105 
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3.3 General procedure for the synthesis of N,N’-Disubstituted perylene 
bisimides 
Symmetrical N,N’-disubsituted perylene bisimides are commonly synthesized by 
condensation of perylene-3,4:9,10-tetracarboxylic dianhydride (3.1) with different amines 
using a high boiling solvents. The commonly used solvents include water, benzene, quinoline 
or molten imidazole(Langhals, 1995, Yukinori, 1997). However the use of ethylene glycol as 
solvent for this is also specified in some patents. 
 
 
3.1 
 
Different N,N’-perylene-3,4:9,10-tetracarboxylic diimides (PCIs) were synthesized from 
perylene-3, 4:9,10-tetracarboxylic acid dianhydride and corresponding amine in molar ratio 
1:3, heated in ethylene glycol at 140ºC for 16 hours under N2 (Scheme 3.3-1). The reaction 
mixture was allowed to cool to about 80ºC, diluted with methanol and filtered. The residue 
was further washed with excess of water and dried. Dried solid was stirred with 200 mL of 
10% potassium carbonate solution at 40 ºC-50ºC for an hour to separate unreacted PTCA from 
the product (Scheme 3.3-2).  
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Scheme 3.3-1 General procedure for the synthesis of N,N’-disubsituted-perylene bisimides 
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Scheme 3.3-2 Separation of PCI from PTCA 
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3.3.1 Synthesis of N,N’-(6-hydroxyhexyl)-perylene-3,4:9,10-tracarboxylic diimide (P1) 
A mixture of 11 g (0.028mol) of 3,4;9,10-perylenetetracarboxylic dianhydride and 8.5 g 
(0.072mol) of 6-hydroxy-n-hexylamine in 60 ml of ethylene glycol was heated to 140-145°C 
while stirring for 16 hours. The black mixture was allowed to cool to about 80°C, diluted 
with 50 ml of methanol and filtered. The black residue was washed with another 50 ml of 
methanol followed by water and was then dried. This black solid was further treated with 200 
ml, 10% potassium Carbonate solution at 40oC for an hour, and then filtered, washed with 
200 ml of water and dried in the oven to give 15 g of the pure product P1. . 
3.3.2 Synthesis of N,N’-(2-morpholinoethyl)-perylene-3,4:9,10-tracarboxylic diimide 
(P2) 
A mixture of 10 g (0.025mol) of 3,4:9,10-perylenetetracarboxylic dianhydride and 8.125g 
(0.063mol) of -2-Morpholinoethylamine  in 60 ml of ethylene glycol was  heated to 140-
1450C while stirring for 16 hours. The dull red mixture was allowed to cool to about 80oC, 
diluted with 50 ml of methanol and filtered. The residue was washed with another 50 ml of 
methanol followed by water and was then dried. This solid was further treated with 200 ml, 
10% potassium Carbonate solution at 40oC for an hour, and then filtered, washed with 200 ml 
of water, dried in the oven to give 12 g of the product P2. 
3.3.3 Synthesis of N,N’-(3-morpholinopropyl)-perylene-3,4:9,10-tetracarboxylic 
diimide (P3) 
A mixture of 10.0g (0.025mol) of 3,4:9,10-perylenetetracarboxylic dianhydride and 9.0g 
(0.0625mol) of 2-morpholinopropylamine in 60 ml of ethylene glycol was  heated to 140-
1450C while stirring for 16 hours. The blackish red mixture was allowed to cool to about 
80oC, and diluted with 50 ml of methanol and filtered. The residue was washed with another 
50 ml of methanol followed by water and was then dried. This solid was further treated with 
200 ml, 10% potassium carbonate solution at 40oC for an hour, and then filtered and washed 
with 200 ml of water and dried in the oven to give 13 g of the product P3.  
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3.3.4 Synthesis of N,N’-(p-hydroxyphenyl)-perylene-3, 4:9, 10-etracarboxylic diimide 
(P4) 
The mixture of 10g (0.025mol) of 3, 4:9, 10-perylenetetracarboxylic dianhydride and 10.5g 
(0.1mol) of p-hydroxyaniline in 60ml of ethylene glycol were heated to 1500C while stirring 
for 18 hours under N2. The dark red mixture was allowed to cool and further diluted with 
methanol and then filtered. The residue was further treated with 10% NaOH solution at 50ºC 
for an hour. The product (P4) was recovered by precipitation with 2M HCl acid.  
3.3.5 Synthesis of 1, 7-Dibromo-perylene-3, 4:9, 10-tracarboxylic acid anhydride (P5) 
Bromination of PTCA was  brought forward by reacting PTCA with bromine in concentrated 
sulphuric acid in presence of iodine as catalyst(Franceschin et al., 2004).  The detailed 
procedure for bromination of PTCA is described below. 
 
 22.8 g of 3, 4:9, 10-perylenetetracarboxylic acid anhydride was dissolved in 340 mL of 97% 
sulphuric acid; the mixture was stirred at 55ºC for 24 hours. Following this 560mg of iodine 
was added and the mixture was stirred for another five hours. 6.64 mL of bromine was added 
drop wise over one and half hour and the reaction mixture was stirred further for 24 hrs. This 
reaction mixture was added to 2L of iced cold water and left undisturbed for 24 hrs. The solid 
which separate off was removed by filtration. Finally the solid was stirred with 10% sodium 
sulphite solution for 2 hrs. The precipitates were filtered and dried at 70ºC for 48 hours to 
give the product P5.  
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Scheme 3.3-3 Synthesis of 1,7 Dibromo-3,4:9,10 perylene tetracarboxylic dianhydride 
3.4 Characterization of perylene derivatives 
NMR and IR spectroscopy were used for characterization of perylene derivatives and the 
mass spectroscopy is excluded due to low solubility in common solvents. Moreover these two 
techniques are sufficient to characterize these derivatives as both the techniques can give 
conclusive results for the distinction of product from the starting material.  The starting 
materials PTCA differ from PCIs in terms of functional groups (-C=O) for four out of five 
(P1. P2. P3, P4) perylene derivatives, therefore these can be clearly distinguished by the IR-
spectroscopy.  NMR spectrum of all the five perylene derivatives were run to identify of side 
groups attached to N-atoms or for the bromo-groups attached at 1, 7 position of PTCA.  A 
brief description of experimental set up for these two techniques is described below. 
3.4.1 Proton nuclear magnetic resonance spectroscopy (NMR) 
3.4.1.1 Experimental set up for 1H-NMR of perylene derivatives 
To run a 1H-NMR spectrum of a given compound, it needs to be dissolved in the deuterated 
solvent. The common solvent used for NMR-spectroscopy are Chloroform, tetra 
chloromethane, water, dimethyl sulphoxide,  carbon disulfide and hexachloro-acetone, All the 
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synthesized perylene derivatives have very low solubility in these common NMR-solvents; 
therefore deuterated sulphuric acid (D2SO4) obtained  from Aldrich was  used as solvent to 
run 1H-NMR of all these derivatives as described in the literature.  Chemical shift for D2SO4 
was calibrated at δ11.27 PPM with respect to sodium trimethylsilyl propionate (TSP) as 
external standard(Shimizu et al., 1994, Larive et al., 1997). All the 1H-NMR spectra were run 
at 40⁰C using Varian NMR spectrophotometer of 600 MHz frequency. 
3.4.2 Infra-red spectroscopy 
3.4.2.1 Sample preparation 
Analysis of IR-spectrum reveals the presence of different functional groups in a given 
organic compound. For example imide carbonyl group (-C=O) shows strong absorption 
signal at wavenumber ranging from 1630-1700 cm-1 whereas anhydride carbonyl group 
shows absorption signal in 1720-1750cm-1 wavenumber range.  
 
To run the IR-spectrum, the synthesized perylene derivatives (P1, P2, P3 and P4) were 
grounded with potassium bromide in agate mortar and pestle. The grounded powder was 
made into a disc after drying and then pressed under elevated temperature at high pressure. 
Drying is very important to eliminate water from the sample as signal due to water at 
1630cm-1 can interfere with other functional groups. A blank disc was also prepared with 
pure potassium bromide which was placed in the path of the reference beam. Infrared 
spectrum was run using two beam IR-spectrophotometer. The IR-spectra of different 
derivatives were run in Spectrum 100 Fourier infrared spectrometer. 
 
 IR-spectrum of P5 was not run as it has same functional group as starting material and IR-
spectroscopy would not be able to distinguish P5 from PTCA.  
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3.5 Dispersion of perylene diimide derivatives in the Polymer 
Different synthesized perylene derivatives as well as commercial pigments used for 
comparison were dispersed in polypropylene (PP) using HAAKE Rheocord 9000. To achieve 
uniform dispersion among different samples, dispersion time, dispersion temperature and 
speed of rheocord were kept constant. These parameters were 10 minutes, 180°C and 80 rpm 
(revolution per minute) respectively for all the samples under study. The temperature 180°C 
is chosen as at this temperature polypropylene melts whereas 10 minutes time and 80 rpm 
were selected from the previous experience of experts in the School. The concentration of all 
the pigments was also kept constant at 2% (900 mg of pigments per 45 g for PP). 
3.5.1 Dispersion of perylene derivatives in coating medium 
Different perylene derivatives were dispersed in the coating medium using planetary ball 
mill, RETCSH PM 100, with stainless steel balls. This ball mill has a grinding jar of 50ml 
capacity. The pigments to be dispersed were added to the resin with constant stirring with 
glass rod.  Grinding balls of volume equal to the volume of resin plus the volume of pigment 
were added to the grinding jar. The concentration for all pigments was kept constant which in 
PVC was 10% by weight, as explained in equation 3.1. The other parameters chosen for 
grinding were 6 hours grinding time at 350rpm.  
Pigment concentration = Wc/ (WR + Wc) x 100 ≈ 10%..................................3.1 
Here Wc is the weight of compound to be dispersed in coating medium, WR is the weight of 
resins. 
 
As given in the table 3.2-2, four different resins were used as coating medium. These resins 
include acrylic resins (both water based and solvent based) and epoxy resins (water based and 
solvent based). 
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3.6 NIR-reflectance measurements 
The polypropylene (PP) having pigments dispersed in it were moulded into rectangular sheets 
of same size and thickness, and then cut into circular shape of the same diameter as that of 
standard sample holder. All the samples had same size, shape and thickness to avoid the error 
in results due to these variables. There are two purposes for dispersing pigments into polymer 
1) To develop standardization across all samples to avoid errors in the results from 
sampling errors, such as compactness, amount of pigment and smoothness of the 
sample; such errors are common when samples are prepared in powder form.  
2) To check the ability of these colouring agents to colour polymeric materials. 
NIR reflectance measurements of all the pigments dispersed in PP were performed on a 
Varian CARY 500 scan UV-VIS-NIR spectrophotometer equipped with a “Praying Mantis” 
diffuse-reflectance accessory (Sandrai et al.). The diffuse reflectance of different materials 
was measured in the wavelength region 700-2500 nm using the standard sampling cup.  The 
data was collected at an interval of 1nm in a double beam mode. The reflectance was 
measured as relative reflectance, which is defined as the ratio of flux reflected by a specimen 
to the flux reflected by a reference surface. PTFE (Teflon) powder of 1-µm particle size 
obtained from Sigma-Aldrich was used as the reference, as described elsewhere (P. 
Jeevanandam, 2007 #9).  
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3.7.1 Computational study 
Computational study is an important and quick method for the theoretical estimation of the 
influence of different substituents in different derivatives based on the same core 
structure(Fabio Pichierri, 2004, Liang et al., 2009).  Influence of different substituents in 
terms of development of Mullikan charges on various atoms in a molecules and net dipole 
moments is studied and its relation with the observed NIR-reflectance is also evaluated. 
 
Standard density functional theory calculations were performed using the 
GAUSSIAN03(Frisch, 2004) computer program. Geometries and harmonic vibration 
frequencies were obtained for all the species at the B3LYP/6-31G (d) level of theory. 
Vibrational frequencies were used to characterize each stationary points as a local minimum 
(no imaginary frequencies), or as a transition structure (one imaginary frequency). 
3.8 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is a non-destructive technique used to gain information about the 
crystallographic structure of particles.   XRD diffraction pattern also helps to estimate the 
degree of crystallinity in a powder sample. XRD is based on the observation of an X-ray 
beam as a function of its incident and scattering angle. There are two main techniques, 
namely small angle X-ray scattering (SAXA) for angle between 00 to 20 and Wide angle 
scattering (WAXS) for angle larger than 20°.  WAXS technique was used in this study. 
 
The main objective of the XRD measurement is to estimate the degree crystallinity of 
different derivatives as the degree of crystallinity is known to influence the NIR-reflectance 
of a material(Seyer et al., 2000). 
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X-ray diffraction measurements were carried out in a Bruker axs D8 advance powder XRD 
with Cu tube. The operational conditions for the experiments were set to 35mA current, 40kV 
acceleration voltage and 1 mm slit to collect the data. The data was collected for angle 2θ 
from 20 to 400.   
3.9 Thermo gravimetric analysis (TGA) 
 Thermo gravimetric analysis helps to determine thermal stability of a given organic 
compound. It is very important to know the thermal stability of organic pigments as this helps 
to decide their usefulness in different applications. For example, pigments used for exterior 
automotive applications and other color bond materials need to have high thermal stability. 
The reason for this requirement is that they are applied to substrate by baking at high 
temperature. 
 
The TGA analysis of synthesized perylene derivatives was carried out in a Pyris 1 TGA 
analyzer.  Approximately 0.5 mg of the sample was placed in the platinum basket. The 
sample initially was heated from a standard temperature of 20°C at a heating rate of 20°C per 
minute in a nitrogen environment. The heating was continued until 700°C, followed by 
change in the environment from nitrogen to air after 700°C to oxidize the left over material. 
3.10 Error analysis 
Error can occur unwillingly during the preparation of the samples or during the experimental 
measurements. These errors can affect the measurement of properties and conclusions made 
by the experimental work.  These errors can be divided into three categories: human error, 
systematic error, and random error. 
 Human error occurs when the experimenter makes a mistake. It could incorrectly set 
up of an experiment or make wrong calculations.  Human errors are not a source of 
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experimental error; rather, they are “experimenter's” error.  It is not appropriate if the 
researchers mentioned human error as a source of experimental error. 
 Systematic error is an error intrinsic in the experimental set up which causes the 
results to be skewed in the same direction every time, i.e., always too large or always 
too small. Some systematic errors can be easily corrected by different techniques such 
as calibration of equipments using standard procedure.   
 Random error, which occurs because no measurement can be made with infinite 
accuracy.  Random errors may cause a series of measurements to be sometimes too 
large and sometimes too small.   
One way to report experimental error is with a percentage (%) error calculation. Following 
section presents briefly the natural errors being raised during the experimental measurements 
in this study. 
3.10.1 NIR-reflectance measurements error analysis 
There are two sources of error during the measurements of NIR-reflectance; instrumental 
error and sampling error. 
 
Instrumental error: To eliminate instrumental error, instrument was calibrated using the 
procedure described in manual for CARY 500 scans. Further to this, instrumental error was 
checked by measuring the NIR-reflectance of same sample under similar conditions three 
times to check whether those measurements varied. The difference in those three values at 
each wavelength was less than 0.02%.  
 
Sampling Error:  The major source of sampling error in this case is non-uniform distribution 
of perylene derivatives in the polypropylene medium. This error is tested by repeating the 
NIR-reflectance measurements of the sample disc after changing its side i.e. making upside 
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down. The figure (3.10-1) shows the NIR-reflectance measurements on the two side of 
sample disc of PTCA. This represents the total error originated from the combined effect of 
instrumental error and sampling error; this difference in the value of NIR-reflectance was 
approximately ± 2% at 980nm. 
 
 
 
Figure 3.10-1 Error in the NIR-reflectance measurements 
 
3.10.2 Particle sizing error analysis 
There are again two major sources of error; sampling error and error during the 
measurements of particle size. 
Sampling error: The major cause of sampling error is segregated behaviour of particulate 
material(Rhodes, 1998). The segregated behaviour of particles means particle of particular 
size and shape are found at one particular spot in a heap while particles of other size and 
shape are observed at another spot in heap. This is well demonstrated in the figure (3.10-2), 
in which particles of one size (represented by white colour) are dominant in the center of 
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heap while other size particles are more prominent on the sides of heap. In such a situation, 
samples taken from one spot will be a misleading representative of the whole sample. 
 
 
 
 
Figure 3.10-2 Segregation in a heap, formed by pouring a free-flowing mixture of two particle sizes 
(adopted from Merkus 2009) 
 
To minimize sampling error, samples were taken from the different spots in vial, mixed and 
then the required amount of sample was weighed from this premixed sample. This sample 
was used for mixing in polypropylene for the measurement of NIR-reflectance. 
 
Errors during the measurements originate from two sources; performing the measurements 
using software without calibration against microscopic scale and error during manual 
drawing around particles. 
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Calibration of the image J software scale against microscopic scale was performed on each 
micrograph to eliminate the error coming from first source. To evaluate the second source of 
error, five measurements on one particle were performed to check the variation in those 
measurements. The standard deviation for five measurements was ± 0.05 micron. 
3.10.3 Thermal study error analysis 
During thermal analysis, the major sources of error are contamination of sampling pan with 
other samples and wrong weight measurements by weighing balance. These errors were 
eliminated with care which involved the cleaning of sampling pan and zeroing the weighing 
pan each time before undertaking the weight measurements.  Calibration of the instruments 
was performed using indium and silver as standard material. 
 
Further to the above mentioned care, instrument performance was tested by performing the 
thermal gravimetric analysis on well characterized material calcium oxalate. The TGA graph 
for calcium oxalate is shown in the figure (3.10-3). It has three distinct events of weight loss 
which correspond to loss of H2O, CO and CO2 from the molecule. The weight loss events 
(12.482% H2O, 18.937% CO and 30.078% CO2) in figure 3.10-3, when compared to the 
theoretical values (12.328% H2O, 19.178% CO and 30.078% CO2) showed excellent 
performance of the instrument.  
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Figure 3.10-4 Comparison of TGA graphs of P1 after six months interval 
3.10.4 Error analysis of colour measurements 
There are two sources of errors while measuring the colour by Chromameter; one is sampling 
error while the other is using instrument without its calibration. 
 
The first source of error was reduced by measuring colour parameters a*, b* and L* at three 
different spots of sample and using the arithmetic mean of those three values for each sample.  
Second source of error was eliminated by calibrating the instruments with white sample 
provided with instruments which corresponds to L*=100. 
3.11 Summary 
A brief description of different materials and measurements along with the instruments used 
in this study is given in this chapter. The methodology for the synthesis of five perylene 
derivatives (P1, P2, P3, P4 and P5) is described, which is followed by characterization by NMR 
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and IR-spectroscopic techniques. Other properties studied of these derivatives can be broadly 
divided into two categories. 
 
The first category involves the properties of synthesized perylene derivatives studied in the 
powder form. These properties include thermal stability, X-ray diffraction and particle size 
measurements of these derivatives. The other category includes properties studied after their 
dispersion in polymer. These include the evaluation of NIR-reflectance of the synthesized 
derivatives and their ability to form stable dispersion in different resins. Different sources of 
errors along with the control to reduce those errors were also included.  
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4. Chapter 4  
Results and Discussion 
Introduction 
This chapter will engage the reader for detailed discussion of the analyzed results obtained 
for all the experimental work performed as described in chapter 3. As this thesis involves 
different aspects of study, the results would be discussed in various sections.  The very first 
section will describe how the chemical characterization of different synthesized perylene 
derivatives is made, whereas second section will focus on the characterization of different 
properties of these synthesized derivatives.  The main properties studied in this project are 
their ability to reflect in the near infrared region, their thermal stability and their colour in 
solid state. 
 
The main objective of this project is evaluation of NIR-reflectance of different perylene 
derivatives and understanding the factors contributing towards the observed difference in this 
property.  Although there are many factors which affect the NIR-reflectance of a given 
material, the factors which are studied in this research include particle size, particle size 
distribution, theoretical estimation of electronic effect of different substituents and the degree 
of crystallinity. The very last section of this chapter involves the preliminary study of their 
ability to disperse in different resin. Broadly this chapter can be broken into four sections. 
 
4.1 Chemical characterization of synthesized perylene derivatives 
4.2 Evaluation of NIR-reflectance, thermal stability and colour parameters of perylene 
derivatives 
4.3 Investigation of particles size distribution, particles size, electronic influences of 
different substituents and degree crystallinity. 
4.4 Preliminary study of dispersion of these derivatives in different resins. 
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4.1  Chemical characterization of different synthesized perylene 
derivatives 
Two spectroscopic techniques namely infra-red spectroscopy (IR) and proton nuclear 
magnetic spectroscopy are used to make identification of chemical structure of these 
derivatives. Although mass spectroscopy is widely used for the characterization of organic 
compounds, its use in this project is limited due to low solubility of synthesized perylene 
derivatives in common solvents. 
4.1.1 Perylene derivative from 6-Amino-1-hexanol (P1) 
The reaction of perylene-3,4:9,10-tetracarboxylic dianhydride with 6-amino-1-hexanol (detail 
described in section 3.1.1of chapter 3) resulted in the formation of black coloured product P1 
with yield 76%. The spectroscopic data confirmed the product as N,N’-Bis-(6-hydroxyhexyl)-
perylene-3,4:9,10-tetracarboxylic diimide with chemical structure as given in figure 4.1-1 
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Figure 4.1-1 Chemical structure of P1 
The 1H NMR-spectrum of P1 in D2SO4 is shown in the figure 4.1-2. Two doublets of almost 
equal intensity in the chemical shift δH ranges from 8.96-9.02 ppm indicate the presence of 
two sets of protons in the aromatic region which is consistent with the published data for 
perylene compounds(Nagao, 1997).  
  
On the 
to 24 pr
This co
two –C
groups 
Surprisi
due the
chain. T
other hand 
otons in tot
nfirmed the
H2 units (-2
due to th
ngly N-CH
 hydrogen 
wo multip
aliphatic re
al, due to O
 product P1
XCH2) atta
e deshield
2 and O-CH
bonding be
lets at δH 1
Figure 4.1-
gion in the
-(CH2)6-N
 is disubstit
ched to N-
ing effect 
2 protons 
tween imid
.83 and 1.7
 94
2 1H-NMR-s
 chemical 
 unit attach
uted. The t
atom of im
caused by
appeared a
e N-atom
6 ppm are d
pectra of P1
shift range 
ed to both N
riplet signa
ide groups
 electroneg
t the same 
of ring and
ue to eight
4.36-1.83 p
-atoms of 
l at δH 4.36
 and O-atom
ativity of 
chemical s
 hydroxyl O
 methylene
pm corres
diimide pro
 ppm is ass
s of the h
N and O
hift. This m
-atom of 
 protons nu
 
ponding 
duct P1. 
igned to 
ydroxyl 
 atoms. 
ight be 
the side 
mbered 
 95
2 & 5 (shown in the figure 4.1-1), whereas a broad signal at chemical shift δH 1.45 ppm is due 
to methylene protons at position 3 &4.  
 
Further evidence of formation of disubstituted N,N’-Bis-(6-hydroxyhexyl)-perylene-3,4:9,10-
tetracarboxylic diimide is obtained from IR-spectrum (see appendix A, 8.5). Presence of two 
strong absorption signal due to imide carbonyl (-C=O) at 1696cm-1 and 1660cm-1 and 
absence of absorption signal due to anhydride carbonyl (-C=O) in the range of 1720-1760 
cm-1(Appendix A, 8.5)  clearly indicate the formation of N,N-disubstituted perylene diimide 
P1(Quante et al., 1996, Kaya et al., 2008). 
4.1.2 Perylene derivative of 2-Morpholino-1-aminoethane (P2) 
Reaction of PTCA with 2-morphlino-1- amino ethane for sixteen hours resulted in the 
formation of red coloured product P2 with 69% yield. The Chemical structure of P2 as shown 
in the figure 4.1-3 is elucidated using NMR and IR-spectroscopy. 
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Figure 4.1-3 Chemical structure of P2 
The two doublets due to aromatic protons of central perylene core are observed at δH 
9.02ppm and 8.96ppm. On the other hand in the aliphatic region six signals are observed 
rather than expected four signals , two signals for two –CH2 units in between imide group and 
morpholino group of P2, one signal for two –NCH2 units and one signal for two –OCH2 units 
of morpholine ring.  The additional signals might be due to protonation of N-atom of 
morpholine as the 1H-NMR spectrum was run in deuterated sulphuric acid. To verify this 
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effect, 1H-NMR spectrum of 2-Mopholino-1-aminoethane (P2’) was run in a non-acidic 
solvent such as dimethylsuphoxide (DMSO-d6) and in an acidic solvent such as deuterated 
sulphuric acid (D2SO4). The 1H-NMR spectra of P2’ in D2SO4 and DMSO-d6 is shown in the 
figure 4.1-4 and 4.1-5 respectively. 
 
 
 
 
Figure 4.1-4 1H-NMR spectrum of P2' in D2SO4 
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Figure 4.1-5 1H-NMR-spectrum of P2' in DMSO 
1H-NMR spectra of P2’ in D2SO4 exhibited five signals (Figure 4.1-4) whereas that of P2’ in 
DMSO-d6 has shown only four signals (figure4.1-5), which clearly demonstrating the solvent 
effect through formation of sulphonic acid salt at N-atom of morpholine group. The effect of 
acid salt formation at the N-atom of N-substituted morpholine has been documented in 
previous studies (Lunazzi et al., 1991, Alan et al., 2005).  Possibly the protonation of N-atom 
a 
d
b
c 
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restrict the inversion of morpholine ring at NMR-time scale which makes axial and equatorial 
protons of morpholine ring distinct as observed in differently N-substituted morpholine (Ali 
Reza et al., 2009). 
 
Hence, P2’ in DMSO-d6, two signals at 3.55 ppm (a triplet with small J value than c and d 
proton) and 2.34 ppm (a very broad singlet) are assigned for O-CH2 (a) and N-CH2 (b) 
protons respectively as electro negativity of Oxygen is higher than that of Nitrogen. The c 
proton and d proton assigned at 2.23 and 2.59 ppm respectively with relatively large j value 
as a tertiary nitrogen (morpholine nitrogen) versus primary nitrogen. 
 
On the other hand the 1H NMR-spectrum of P2’ in D2SO4 showed two types of environment 
at -O-CH2 protons therefore two signals appeared at 4.25 ppm and 3.55 ppm as doublets may 
be due to the protonation of N-atom which restrict the inversion of morpholine ring at NMR-
time scale whereas -N-CH2 (b) protons remain as a broad singlet at 3.50 ppm for four 
equivalent protons. Protons at c and d positions remain as triplets with down field shift at 
3.20 and 3.93 ppm respectively. 
 
 
This 1H NMR study on P2’ has clearly shown the effect of D2SO4 (protonation of N-atom to 
restrict the inversion of morpholine ring) on morpholine ring system. By using this 
phenomenon, P2 compound is also consistent with protonation of N-atom to restrict the 
inversions of morpholine ring in 1H NMR study using D2SO4. The proton assignment of P2 
has shown in Figure 4.1-6. 
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Figure 4.1-6 1H-NMR-spectrum of P2 in D2SO4 
Comparing with P2’, the N-CH2 (b) protons of P2 have shown two different environments 
therefore this can be assigned at 3.65 ppm and 4.75 ppm as a broad singlet. The 4.75 ppm 
signal may due to the combination of protonation of N-atom which restrict the inversion of 
morpholine ring in 1H NMR study using D2SO4 as well as hydrogen bonding effect between 
carbonyl oxygen and deuterium of the nitrogen of the morpholine ring; apart from -N-CH2 (b) 
protons of P2, the all other aliphatic protons are consistent with P2’ proton assignment (see 
fig. 4.1-4) in D2SO4 using 1H-NMR technique.  
 
In the IR-spectrum, two strong absorption bands at 1690 cm-1 and 1653cm-1 are seen due to 
imidic carbonyl (C=O, imide) in contrast to anhydride carbonyl (C=O, anhydride) in the 
wavelength region 1720-1760 cm-1. 
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4.1.3 Perylene derivative of 3-Morpholino-1-aminopropane (P3) 
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Figure 4.1-7 Chemical structure of P3 
PTCA reacted with 3-morpholino-1-aminopropane in sixteen hours to form a blackish red 
coloured product P3 with 68% yield. 1H- NMR-spectral data and IR-data confirmed the 
formation of product P3 with chemical name N,N’-Bis-(3-morpholinopropyl)-perylene-
3,4:9,10-tetracarboxylic acid diimide having chemical structure shown in the figure (4.1-7). 
 
The 1H NMR spectrum of P3 shows two doublets in the aromatic region for the eight perylene 
protons at chemical shift range 9.04- 8.96 ppm. In the aliphatic region, seven signals 
corresponding to 28 protons of morpholino propyl group attached to N-atom of P3.  
 
The relative positions of different protons in P3 are assigned on the similar ground as in P2. 
Two triplet at chemical shift δH 3.9 and 3.4 ppm can be assigned to methylene protons 
attached to N-atom of imide group (N-CH2, imide or C-1, 4H) and to methylene protons 
attached to morpholine N-atom (C-3, 4H). The broad singlet at δ 2.35 ppm is predicted to be 
for the middle methylene protons (C-2, 4H) based on its relative position. Similarly two 
signals appeared as broad singlet at δ 4.50 and 3.38 ppm can be assigned to protons of –
NCH2 units of morpholine ring, whereas two doublets in chemical shift range 4.29-4.26 and 
δH 3.60-3.57 can be assigned to –OCH2 (consistent with P2 assignment) of morpholine ring. 
The IR-spectrum further supports disubtitution by showing the presence of  two strong 
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absorption signals at 1694 cm-1 and 1658 cm-1 due to imide carbonyl group and absence of 
signals due to anhydride carbonyl in the range of 1720-1760 cm-1 as shown in the figure (4.1-
8). 
 
 
Figure 4.1-8 IR-spectrum of P3 
4.1.4 Perylene derivative of p-Aminophenol (P4) 
Reaction of PTCA with P-Amino-phenol for sixteen hours resulted in the maroon coloured 
product P4 with 62% of yield. The yield of the product P4 is lower in comparison to that of 
other perylene derivatives (P1, P2 and P3) due to low ease of reaction of PTCA with aromatic 
amines as documented in literature. The spectroscopic data of P4 agree with the formation of 
N,N’-bis-(p-hydroxyphenyl)-perylene-3,4:9,10–tetracarboxylic acid diimide with the 
chemical structure given in the figure (4.1-9). 
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Figure at 4.1-9 Chemical structure of P4 
1H NMR spectrum of P4 shows three signals in the aromatic region with relative intensity 
corresponding to 2:1:1. The multiplet δH 8.94ppm is assigned to eight protons of central 
perylene core whereas two doublet of almost equal intensity at 7.89ppm and 7.59 ppm can be 
assigned to protons of phenyl group. Two strong absorption signals at 1692cm-1 and 1654cm-
1 in the IR-spectrum also indicated the formation of imide functionality and disappearance of 
anhydride entity as absorption signals for this functionality are not seen. 
4.1.5 1, 7-Dibrominated product of PTCA (P5) 
Bromination of PTCA according to the method described in section 3.1.5 resulted in the 
formation of 1, 7-Dibromo-perylene-3,4:9,10-tetra carboxylic acid dianhydride (P5) as shown 
in the figure (4.1-10). The common problem with the bromination of PTCA is the formation 
of side product 1,6-dibromo along with major compound 1,7-dibromo perylene 3,4:9,10-
tetracarboxylic dianhydride as specified by F. Wurthner(Frisch, 2004).  The presence of 1, 6-
dibromo regioisomer can clearly be seen at high field (600MHz or more). 1H NMR spectrum 
of P5 at 600 MHz frequency is consistent with the pure 1,7-dibromo-perylene-3,4:9,10-
tetracarboxylic acid dianhydride and it does not give any additional signal due to 1,6-dibromo 
regioisomer, confirming the purity of compound P5(Franceschin et al., 2004). 
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Figure 4.1-10 Chemical structure of P5 
Relative position to different chemical shift system in the 1H NMR spectrum of P5 is assigned 
according to previous available data for 1,7-Dibromo-perylene-3,4:9,10-tetracarboxylic acid 
dianhydride(Wurthner et al., 2004). A doublet at chemical shift δH 9.65 ppm is due to 
equivalent protons number six and twelve (δH 9.65 ppm, H-6, H-12). Singlet at δH 8.99 ppm 
can be assigned to two protons numbered two and eight in the figure 4.1-10 (δ 8.99 ppm, H-2, 
H-8). Another doublet at chemical shift δH 8.76ppm is due to another set of two equivalent 
protons numbered five and eleven (δH 8.76ppm, H-5, H-11). 
4.1.6 Summary 
Chemical characterization of five perylene derivatives P1, P2, P3, P4 and P5 has been fully 
assigned using infrared and NMR-spectroscopy. A brief description of their spectroscopic 
data along with their colour is given in the table 4.1-1. 
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Table 4.1-1 A brief description of spectroscopic data for different perylene derivatives 
 
Perylene 
derivative  
1H NMR data, δH (ppm) IR-data, KBr, 
Cm-1 
Colour 
P1 8.96(d,4H,Ar),9.02(d,4H,Ar),4.36(t, 8H, -
NCH2, -OCH2), 1.83 (m, 4H), 1.76 (m, 4H), 
1.45(b, 8H) 
1696,1660 Black 
P2 8.99 (d, 4H, Ar.), 8.91 (d, 4H, Ar.), 4.75 (b, 
4H,-NCH2), 4.34(d, 4H, -OCH2), 4.04 (t, 4H, 
-imide CH2), 3.37(t, 4H, morpholine CH2), 
3.34 (d, 4H, -OCH2), 3.68 (s, broad, 4H, -
NCH2) 
1690, 1653 Dull red 
P3 9.04 (d, 4H, Ar.), 8.9 (d, 4H, Ar.), 4.50 
(s,b,4H,-NCH2), 3.38 (s, b, 4H, -NCH2) 4.27 
(d, 4H, OCH2), 3.58 (d, 4H, -OCH2), 3.9 (t, 
4H, C-1), 3.4 (t, 4H, C-3), 2.35 (s,4H, C-2) 
1694,1658 Blackish 
red 
P4 8.94 (m, 8H, Ar.), 7.89 (d, 4H, Ar.), 7.59 (d, 
4H, Ar) 
1692,1654 Maroon 
P5 9.65 (s, 2H, H-6, H-12), 8.99 (s, 2H, H-2, H-
8), 8.76 (d, 2H H-5, H-11). 
 
      - Bright 
red 
 4.2  Evaluation of different properties of perylene derivatives 
The perylene derivatives are recognized as high performance pigments because of their 
low solubility in most of solvents. This helps them to get high migration stability. In 
addition to this, their other qualities such as high thermal and photo stability and high 
tinctorial strength are well documented in literature(Faulkner and Schwartz, 2009).  
 
NIR-reflectance is a new concept which is gaining importance these days. Research on 
the cool roof technology leads to the fact that use of pigments with high NIR-reflectance 
can help to control the heat buildup considerably. The use of perylene based pigments is 
only found in some patents where actual structure of used perylene pigment is either not 
given or partially dictated.  Different perylene pigments are usually synthesized by 
introducing different substituents on N-atoms of perylene-3,4:9,10-tetracarboxylic 
diimide (Figure 4.2-1) as described in section 4.1. To evaluate whether all perylene 
based pigments will exhibit same reflectance in the NIR-region or NIR-reflectance is 
affected by nature of substitution, the NIR-reflectance of all synthesized derivatives has 
been measured under similar conditions.  
 
Figure 4.2-1 (Chemical structure of PCIs) 
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There are a number of properties which are considered when testing the suitability of 
given pigments for various applications. Out of these properties, high thermal stability is 
one of the important requirements for many applications. For the use of pigments in 
automotive coating and for many color bond products in the market, they are baked at 
high temperature. Due to this reason, thermal stability of synthesized perylene 
derivatives (can also be called pigments due their low solubility in most of the solvents) 
is evaluated to test their applicability as pigments in such application. Moreover, thermal 
stability of perylene derivatives has been observed to differ, depending upon the nature 
of N-substituents. 
 
Another important property of any colouring material is the measurement of colour on 
some standard colour scale. The colour measurement is done to compare the colour of 
matching colour pigments quantitatively. 
4.2.1 Measurement of NIR-reflectance of different perylene derivatives 
NIR-reflectance of different perylene derivatives is measured by dispersing them in 
polypropylene and using the method described in the chapter 3. These measurements are 
performed to compare NIR-reflectance of different perylene derivatives synthesized in 
this study, as well as to compare their NIR-reflectance with commercially available 
pigments. 
4.2.1.1 Comparison of NIR-reflectance of different perylene derivatives 
Results for the NIR reflectance measurements of different PCIs are shown in Figure 4.2-
2. The strong absorption signals observed at 1730 nm, 1285 nm and 1080 nm are 
characteristics of PP and originate from the combination and overtone of fundamental 
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vibrations that are already documented in the literature (Papini, 1997). Clearly, the 
reflectance of PP increases when the four PCIs (P1, P2, P3 and P4) are incorporated into 
the PP. 
 
Figure 4.2-2 Comparison of reflectance of different perylene derivatives 
To allow for the easy comparison of the NIR reflectance results for different synthesized 
perylene pigments and the commercial pigments, two wavelengths—980 nm and 1300 
nm—were chosen rather than the entire NIR wavelength region. These two wavelengths 
were selected because the 700-1300 nm wavelength region constitutes 80% of the total 
energy of the NIR region.  
 
Different perylene derivatives synthesized in this study have shown significant variation 
in the relative reflectance in the NIR region. The relative reflectance of different PCIs 
(P1, P2, P3 & P4) synthesized in this study varies from 38 to 65 at 980 nm, and from 37 to 
54 at 1300 nm (Figure 4.2-4) whereas 1,7-dibromoperylene-tetracarboxylic acid 
dianhydride (P5) has the least ability to reject radiations in the NIR-region. As reflected 
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from the data (figure 4.2-3) addition of P5 into PP has slightly decreased the NIR-
reflectance at 980nm but at 1300 nm it shows minor increase. 
 
 
Figure 4.2-3 Comparison of NIR-reflectance of perylene diimide derivatives at 980nm and 1300 nm 
The observed difference in the relative reflectance for different perylene derivatives 
could be due to a number of factors which are known to contribute towards it.  These 
factors include pigment particle size, pigment concentration, pigment particles 
distribution, electronic structure of pigmentary material and degree of crystallinity. The 
contribution of all these factors except pigment concentration is evaluated and described 
in the different sections ahead.  The reason for the exclusion of pigment concentration 
for further evaluation lies in the fact that it is kept fixed for all the samples under study. 
 
The particle size is one of the important factors which influence the NIR reflectance of a 
material significantly. A recent study has publicized the difference of 15% in the NIR 
reflectance of material by reducing the particle size from micron range to nano size. 
Whereas another study has shown the increase in the reflectance by approximately 8% in 
0
10
20
30
40
50
60
70
P1 P2 P3 P4 PP PBr
Re
la
tiv
e r
ef
le
ct
an
ce
980
1300
 109
the wavelength region 700nm to 1000nm by changing the particle size of titanium 
dioxide from 10 micron to 0.2 micron(Brady Jr and Wake, 1992). Therefore analysis of 
particle size for the different perylene derivatives is made (see section 4.3) to evaluate its 
contribution. 
 
Although there is no direct documentation regarding the influence of chemical structural 
modification of a molecule on the NIR-reflectance of material, influence of refractive 
index of a material on the NIR-reflectance has been specified in literature. Further to 
that, influence of electronic structure of a material on the reflective index is well 
demonstrated which means electronic environment of constituent molecules of a 
material may affects its NIR-reflectance ability. Therefore it becomes worthwhile to 
estimate the influence of different substituents in different perylene derivatives and find 
out any correlation between these two parameters. Therefore computation study was 
performed to gain in depth knowledge of substitutional effect of different substituents in 
terms of Mullikan charges, HOMO-LUMO gap and dipole moments. A detailed 
description of this study is given in section 4.3. 
 
Degree of crystallinity and compactness of a material is also known to affect the NIR-
reflectance of a material. XRD analysis is performed to gain an in depth information 
regarding these factors (See detail in section 4.3.3). The cause of the observed difference 
in the ability to reflect electromagnetic radiations in the NIR-region can be answered 
after evaluation of all these factors in the 4.3.  
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4.2.1.2 Comparison of NIR-reflectance of different perylene derivatives with 
commercial pigments 
The measured values of NIR reflectance for different perylene derivatives are relative 
and not absolute. Therefore to check where these derivatives stand in comparison with 
already existing pigments, comparison is made with commercially available pigments 
under similar conditions. Carbon black (CB), Lumogen (LG) and titanium dioxide were 
chosen for this purpose. The reason for this selection is; CB is well-known as an 
absorber of solar radiation, LG is known as a cool black pigment, and TiO2 is known as 
one of the best NIR-reflective pigments. Perylene derivative P5 is eliminated from this 
comparison as it has not shown any NIR reflectance. The results for this comparison are 
shown in the figure 4.2-4. 
 
Figure 4.2-4 Comparison of NIR-reflectance of perylene derivatives with commercial pigments 
All the N,N’-disubstituted perylene-3,4:9,10-tetracarboxylic acid diimide derivatives (P1, 
P2, and P3 &P4) have shown higher reflectance than carbon black in the NIR region at 
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the same concentration and processing conditions. This is an expected result as CB is 
known to absorb solar radiations in the entire range of wavelength.  
 
Titanium dioxide, a well-known highly reflecting white pigment, falls at the upper end 
for its ability to reflect in the NIR-regions as expected. However its relative reflectance 
observed in our study is quite high in comparison to earlier study. This could be due to 
difference in the pigment concentration used and method of sample preparation. In this 
study pigments are dispersed in polypropylene by melt mixing process whereas in earlier 
study pigments were mixed in other non-absorbing solid to perform these measurements.  
 
Although the CB, P1 and LG appear black visually, their relative reflectance varies 
substantially. The relative reflectance of P1 is 65 compared to 22 for LG at 980 nm. The 
reflectance values are comparable, however, at 1300 nm (54 for P1 vs. 52 for LG). On 
the other hand carbon black has shown very low (2-4) reflectance in the entire 
wavelength region.  The NIR-reflectance of Lumogen (LG) drops dramatically in the 
wavelength region 700-1000nm. This wavelength region constitutes 25% of the total 
solar energy. That means, it is essential to keep high reflectance in this wavelength 
region for a pigment to be used in applications where heat control is primary 
requirement 
4.2.1.3 Comparison of NIR-reflectance of PCIs with PTCA  
It is a common practice to synthesize different perylene derivatives using 3,4:9,10 -
perylenetetracarboxylic acid dianhydrice as starting material. It would be useful to 
examine the effect on the NIR-reflectance during this conversion. Therefore the 
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assessment of NIR-reflectance of PTCA and perylene (PR), the precursor of PTCA is 
made to compare the results with synthesized PCIs. Only P1 was included in this 
comparison because it exhibits the highest relative reflectance among the synthesized 
PCIs. The results for this comparison are shown in the figure 4.2-5. 
 
 
Figure 4.2-5 Comparison of NIR-reflectance of PCIs with PTCA and PR 
Interestingly, PTCA exhibits a reflectance significantly higher than any of the PCIs 
synthesized from it in this study, and its relative reflectance is closer to that of TiO2 (90 
vs. 102 at 1300 nm, and 108 vs. 130 at 980 nm). On the other hand PR falls on the lower 
end of reflecting ability over the entire NIR region in comparison to both PTCA and P1, 
which indicates the importance of the anhydride entity in achieving high reflectance in 
the specified region. 
 
 These results further suggest that the electronic environments of a material’s constituent 
molecules significantly affect its ability to interact in the NIR region. For example 
incorporation of an anhydride entity to perylene (figure 4.2-5) dramatically increased its 
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reflectance in the NIR region, although these two molecules are rigid and contain planes 
of symmetry. Some variation can be expected because of differences in particle size and 
their distribution between samples, but the electronic distribution also appears to play a 
role. With the introduction of the anhydride entity, the conjugated system is not located 
in the center of the molecule, but rather spreads outward toward the peripheral region. 
This rearrangement of the conjugation system might be responsible for the large 
difference in the ability of PTCA to reflect in the NIR region.  
4.2.1.4 Comparison of the performance of different perylene derivatives in the 
NIR-region 
Comparison of the performance of different perylene derivatives have been made in the 
NIR-region according to the equation (4.1) given below for the calculation of total solar 
reflectance. 
%ܴܶܵ ൌ ׬ሺ%ܴ. ܫ߲ʎሻ/׬ I߲ʎ………….4.1 
 
Here TSR is the total solar reflectance in the wavelength region 280 to 2500nm, %R is 
percentage reflectance, I is solar irradiance, ߲ʎ is wavelength interval. 
 
Similarly total reflectance in the NIR region is calculated by using the measured 
percentage reflectance in the wavelength region 700-2500nm. As the intensity I was kept 
constant in the entire wavelength region, therefore estimation of total reflectance can be 
made by integrating the measured percentage reflectance in the NIR-wavelength region. 
As the NIR-region in the wavelength region 700-1000nm constitute 50% of the total 
NIR-energy, therefore calculations of the total reflectance in this wavelength region 
were also performed. The results for these calculations are given the table (4.2-1) 
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Table 4.2-1 Comparison of performance of different pigments in the entire NIR-region1 
 
 
 
 
 
 
 
 
 
 
 
 
As the NIR-reflectance was made by using polytetraflouroethylene (PTFE) powder as 
standard i. e. making its reflectance 100% and the reflectance of all other materials was 
measured relative to it, hence for materials such as TiO2 and PTCA having higher 
reflectance than that of PTFE, the reflectance came out to be more than 100%. Therefore 
these values are relative reflectance values and not the absolute total reflectance in the 
NIR-region. 
 
The trend of total reflectance of all the perylene derivatives in the entire wavelength 
region (700-2500nm) is the same as observed at two chosen wavelengths 980nm and 
                                                 
1 The numbers in the table 4.2-1 are relative but absolute values measured over the reflectance of PTFE. 
Pigment %R(700-2500)nm %R(700-1000)nm 
P1 
P2 
P3 
P4 
P5 
PTCA 
TiO2 
LG 
CB 
41.6 
26.3 
39.5 
38.7 
15 
64 
72.3 
27.8 
2.2 
65.6 
36.2 
61 
48.7 
19 
111 
137 
13.0 
1.9 
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1300nm for comparison. However few significant differences were also seen.  All the 
synthesized perylene derivatives including PTCA and TiO2 have shown significantly 
higher total reflectance in wavelength region 700-1000nm except lumogen which 
exhibited lower total reflectance in this region in comparison to that in the total NIR-
region. 
 
The calculated value of total percentage reflectance of TiO2 is much lower than its 
documented value. The reason for this difference is that in this study, its NIR-reflectance 
was measured after its dispersion in polypropylene. The overtone and combination bands 
of polypropylene in the wavelength region 1200nm -1700 nm have considerably reduced 
its total reflectance. 
 
In terms of heat control, all the perylene derivatives including PTCA have shown higher 
reflectance as compared to lumogen, and it has been claimed that lumogen reduces the 
heat build-up by 30%, therefore more reduction in the heat build is expected from all 
these perylene derivatives. This especially applies for P1 derivative which is visually 
black in colour as lumogen but its ability to reject NIR-radiation of solar spectrum is 
much higher. Moreover all these derivatives are crude, i.e. these pigments are chemically 
pure but were not conditioned, which is usually done to improve the pigmentary 
characters for commercial purpose. Further improvement in their ability to reject NIR-
radiations is expected. This might be the other factor responsible for higher reflectance 
of PTCA in comparison to other synthesized derivatives. 
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4.2.2 Thermal stability of perylene derivatives 
There is no doubt in regards to the high quality pigment characteristics of perylene 
derivatives. These characteristics include high migration stability, high photo-stability, 
high tinctorial strength and thermal stability(Langhals, 1995). Although perylene 
derivatives are thermally stable, their decomposition temperature depends upon the 
nature of N-substituent (Nagao, 1997, Turkmen et al., 2009, Kaya et al., 2008). 
Therefore it is worthwhile to test their thermal stability to predict their usefulness in 
different applications.  
 
Thermal stability of synthesized perylene derivatives is tested under nitrogen (N2) for up 
to 700ºC, starting from 20ºC with heating rate of 20ºC per minute. This is followed by 
heating under air to oxidize rest of the organic matter. Figure 4.2-6 is a TGA graph for 
N,N-di-substituted perylene derivatives P1, P2, P3 and P4.. For alkyl substituted 
derivatives P1, P2 and P3  on set of decomposition starts in the temperature range 330ºC-
400ºC whereas for P4 degradation of weight starts at 485ºC. 
 
Degradation of P4 and P5 derivatives occurs in two steps process whereas for P1, P2 and 
P3 weight loss is represented by multistep process. These results are in agreement with 
previous studies of similar perylene derivatives (Nagao and Misono, 1984, Nagao et al., 
1985, Kufazvinei et al., 2009).  For the derivatives P1-P3, the first step of weight loss is 
for the decomposition of functional groups such as hydroxyl, morpholino attached to 
alky group. Second steps of weight loss represent decomposition of alkyl groups, 
followed by loss of imide entity and naphthalene rings of central perylene unit in the 
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following steps.  On the other hand for P4, weight loss at first step is due to degradation 
of aromatic ring attached directly to N-atom.   
 
 
Figure 4.2-6 TGA graph of Perylene diimide derivatives 
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Figure 4.2-7 TGA curve for PTCA and P5 
Higher decomposition temperature of P4 in comparison to that of P1, P2 and P3 is in 
agreement with earlier observations where phenyl substituted perylene bisimide 
derivatives have higher degradation temperature than alkyl substituted counterparts. 
However higher degradation temperature of P3 in comparison to P2 is unexpected. 
According to previous study, shorter the alkyl chain attached to N-atom, higher is the 
thermal stability(Nagao, 1997). The reason for higher thermal stability of P3 in 
comparison to P2 might be due to more pronounced effect of polar morpholino group in 
P3 relative to P2 which increases its thermal stability through hydrogen bonding. 
 
Another possible reason for the higher degradation temperature for P3 in comparison to 
P2 system might be retro-ene reaction (Figure 4.2-8) associated with the thermal 
degradation of these pigments. As shown in the figure 4.2-8, decomposition of P2 
through this mechanism might occurs more efficiently than P3. 
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 The synthesized perylene derivatives P1-P5 retained 40 to 50% of the 
initial weight for up to 700ºC whereas PTCA decomposed about 70% 
before reaching 700ºC which means side groups stabilize the internal 
core structure against heat. 
 
Figure 4.2-9 DTA curve for different perylene derivatives 
4.2.3 Colour measurements 
The colour measurements were carried out with a Minolta Chromameter CR-300 on the 
polypropylene samples having pigments dispersed in them as described in chapter 3. The 
samples were analyzed by CIE L* a* b* colour scale. 
 
Figure 4.2-9 shows the CIE L* a*b* organized in a cubic scale. The L* indicates the 
level of darkness or lightness; L* = 100 for pure white and L*=0 for pure black. a* and 
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b* are not represented with numerical value but as negative or positive limits. Negative 
a* represent green whereas positive a* represents red. Similarly negative b* represent 
blue but positive b* represent yellow. 
 
 
 
Figure 4.2-9 CIE L*a*b* colour scale (2008) 
The delta values of colour scale ΔL*, Δa*,Δb* give the difference in the colour of 
different pigments. The total difference the colour can be given by single value ΔE* 
which combine the effect of ΔL*, Δa* and Δb* and is shown in the equation 4.2-1. 
ΔE ∗ൌ √ΔL ∗ 2 ൅ Δa ∗ 2 ൅ Δb ∗ 2………….4.2-1 
Here ΔL*=L*1-L*2,  Δa*=a*1-a*2,     Δb*= b*1-b*2 ;  Script 1 and 2 are used to denote 
sample 1 and 2 under comparison. 
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On the basis of above described scale, colour coordinates L*,a* and b* for perylene 
derivatives P1, P2, P3, P4 along with carbon black (CB) and lumogen (LG) was 
performed and results are given the table 4.2-2. Carbon black and lumogen were also 
included for measurements as derivative P1 visually appear black similar to CB and LR; 
it would be beneficial to perform colour comparison of these pigments quantitatively. 
Table 4.2-2 a*,b*,L* coordinates of colour of different derivatives and some commercial pigments 
Pigment  L* a* b* 
P1 24.34 3.29 -0.03 
P2 32.99 26.37 13.22 
P3 25.71 19.14 3.43 
P4 26.42 18.65 2.59 
CB 24.28 -0.10 -0.37 
Lumo 21.78 -0.05 -0.12 
 
 
Overall colour difference of pigment P1 from lumogen is 4.2 units (ΔE*=4.2) whereas 
this difference is 3.3 units (ΔE* =3.3) from carbon black, ΔL* which indicates darkness 
of a given colour indicates P1 is closer to carbon black. b* values for all of the black 
pigments are negative whereas a* value for P1 is slightly positive but it is negative for 
both CB and LG. 
 
Significant variation in the colour of different perylene diimide derivatives is observed 
which is not surprising as perylene derivatives are known to show significant difference 
in colour with slight change in the nature of substituents(Kazmaier and Hoffmann, 
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1994). This is observed in this study as well; the derivatives P2 and P3 differ by the 
nature of substituent by one methylene unit, but this minor difference in the nature of 
substituent results in dramatic change in colour, P3 is dark maroon in colour whereas P2 
is very dull red in colour.  
4.2.4 Summary 
Significant variation in the NIR-reflectance of different perylene derivatives is observed 
under similar conditions. PTCA, the starting material for the synthesis of different 
perylene derivative has shown the highest NIR-reflectance among the series whereas 
dibromo-derivative of PTCA (P5) has shown negligible reflectance in the NIR-region. 
All the perylene diimide derivatives (P1, P2, P3 and P4) have shown intermediate NIR-
reflectance with P1 showing the highest NIR-reflectance (65 and 54) and P2 showing the 
lowest value among the diimide series (38 and 37) at 980 and 1300nm respectively. 
 
Although PTCA has high reflectance in the NIR-region, it is available only in one colour 
which is red, and it is thermally not stable above 400°C. In order to produce pigments of 
different colours and to improve thermal stability, different derivatives were produced 
using PTCA as the starting material. 
 
Visually these derivatives have shown significant difference in the colour with the nature 
of substituent. The derivative P1 is black in colour, P2 is dull red, P3 is bright maroon, P4 
is blackish maroon and P5 is bright red. When colour is measured on CIE L* a* b* 
colour scale, the colour of black derivative P1 is close to carbon black. NIR-reflectance 
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of black derivative P1 is comparable to commercial available black pigment lumogen at 
1300nm but NIR-reflectance of lumogen falls dramatically at 980nm.
 4.3 Factors affecting the NIR-reflectance of a material 
This section will describe the results of different factors which could contribute towards 
the observed difference in the NIR-reflectance of different perylene derivatives. The 
different factors studied include particle analysis, electronic influence of different 
substituents (theoretical) and degree of crystallinity by XRD. 
4.3.1 Particles analysis 
Particle analysis includes the analysis of morphology of particles, particle size, particle 
size distribution and dispersion of particles in the medium of study. There are a number 
of methods to perform particle analysis. Electron microscopy is considered an absolute 
method because this is the only method where individual particles can be observed with 
good resolution, and their size and shape can be determined(Bosquillon et al., 2001, R. J. 
Haskell, 1998). Therefore all these features are studied on the micrographs of different 
perylene derivatives obtained by using an environmental scanning electron microscope.  
 
The particle morphology, their size and size distribution is studied from the ESEM 
micrographs of powder samples using image J software of version 1.44p, whereas 
dispersion of particles is studied on the ESEM micrographs of polypropylene samples 
having different perylene derivative dispersed in them. To reduce sampling error, 
powder sample of each derivative is taken from three different spots of vial; mixed and 
then small portion of it is taken for analysis (See section error analysis in chapter 3 for 
detail). 
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For particle analysis, three ESEM micrographs of each derivative are taken, considering 
36 particles from each micrograph. This makes a total population of 108 particles for 
each derivative under study; this number of particles is well above the minimum number 
of particles which should be involved in analysis (ASTM E 20-68, 1974). Although the 
selection of particles is random, care is taken to select particles of different size range 
and choose those particles for which all the edges can easily be viewed and no edge is 
left hidden due to overlapping of particles. The measurements of different parameters 
such as particle area, perimeter, ferret diameter (minimum ferret and maximum ferret 
diameter) are made in semi-automatic method. This involves the manually drawing 
shape of the particles followed by automated measurements based on the calibrated 
scale(ISO, 2004, ASTM, 1982-1997 (reapproved 2004)). 
4.3.1.1  Particle morphology study 
The morphology study includes different aspects such as texture of particles, their shape 
and quantification of shape in terms of aspect ratio. Aspect ratio is the ratio of maximum 
ferret diameter to minimum ferret diameter. The maximum ferret represents length of a 
particle and minimum ferret represents breadth of a given particle(Kaye, 1981, H. 
Heywood, 1937). The aspect ratio determines whether the particles are longer or broader 
in spite of having same area. This helps to classify them in a particular shape category.  
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Figure 4.3-1 ESEM micrograph of different perylene derivatives a) P1, b) P2, c) P3, d) P4, e) P5, f) 
PTCA 
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Figure (4.3-1) is ESEM images of perylene derivative P1, P2, P3, P4, P5 and PTCA in the 
powder form. Clearly all these derivatives except P5 have almost similar shape; particles 
of P5 visually appear irregular in shape. All these derivatives have shown different 
aspect ratios; P2 and P3 have shown higher aspect ratio of 4.46 and 4.92 respectively as 
shown in the table 4.3-1, whereas P5 has shown least aspect ratio. P1 and PTCA falls in 
the similar range of aspect ratio 2.25 and 2.8 respectively whereas P4 has shown 
intermediate aspect ratio value of 3.12. Based on their standard criterion pigment 
particles of all these derivatives except P5 can be categorized as rod shaped as aspect 
ratio for all of them is within the range of 2-5(Henk G. Merkus, 2009).  
Table 4.3-1 Aspect ratio of different perylene derivatives 
 
 
 
 
 
 
 
 
 
 
 
The texture of particles can be determined from D90 which represents particle size of 
90% of the particles of a given population.  D90 < 0.1 µm for nanoparticle, D90 is in 
Perylene 
derivative 
Ferret 
maximum
Ferret 
minimum
Aspect 
ratio 
P1 
P2 
P3 
P4 
P5 
PTCA 
3.65 
4.46 
4.67 
4.13 
1.24 
0.97 
1.62 
1.00 
0.95 
1.32 
0.71 
0.34 
2.25 
4.46 
4.92 
3.12 
1.74 
2.8 
 129
range of 1-10 micron for fine particles whereas it falls in the range of 1-10mm for coarse 
particles. D90 (ferret diameter) for these derivatives fall in the range of 1-10 micron, 
which means they all fall in the category of fine powder particles. 
 
There is no report regarding the relationship between the particle shape and the NIR 
reflectance and no such relationship is observed in this study. For example P2 and P3 
both have similar aspect ratio but their NIR-reflectance vary considerably; similarly P1 
and PTCA also have almost same aspect ratio, but have shown significant difference in 
their NIR-reflectance. This shows that shape factor does not contribute towards the 
observed difference in the NIR-reflectance. 
 
Texture is known to influence the NIR-reflectance, as materials with nanoparticles are 
known to have higher reflectance in comparison to the same materials with micro 
particles(Jeevanandam et al., 2007). All these perylene derivatives fall in the fine powder 
range, therefore this factor does not seem to contribute towards the observed difference 
in the NIR-reflectance. 
4.3.1.2 Particle size measurements 
 The particle size is one of the important factors which is known to influence the 
reflectance of a material significantly in the NIR-region. According to K-M theory, 
inverse relationship exists between the particle size and the NIR reflectance. This is 
clearer from the equation 4.3-1.  
ሺଵିோஶሻଶ
ଶோஶ ൌ
ிሺோሻሺଵିோஶሻଶ
ଶோஶ ൌ
௄
ௌ………….4.3-1 
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Where K is the absorption coefficient, S is scattering coefficient and R∞ is the 
reflectance of the sample at infinite thickness. F(R) is called the KM function also called 
remission function. The reflectance of the sample depends upon the ratio of K and S but 
not on the absolute values of K and S. When the size of particle decreases, scattering 
coefficient increases, this in turn increases the reflectance of a material. 
 
The particle size of a spherical particle can be represented by the diameter of the sphere, 
however for non-spherical irregular particles different ways are used to express their 
size. These include Feret’s diameter, Martin diameter, minimum linear diameter and 
maximum linear diameter. Figure (4.3-2) gives illustration of different parameters for 
particle size measurement. 
 
Figure 4.3-2 Different parameters of particle size 
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Comparison of particle size can be done by any of the parameters described above or by 
either area or perimeter of particle which includes both length and breadth of a given 
particle. Arithmetic mean can be used to compare the particle size but if the particle size 
distribution (PSD) appears skewed, i.e. it  is not represented by symmetric distribution 
then median value which is equivalent to d50 is more meaningful  for comparison as it 
represents the particle size where 50% of the population falls in the particle size below 
this size and 50% of population has size above this size irrespective of larger particles 
which could be agglomerates of particles or overlapped unresolved particles in a given 
population(Wolfrom, 2011). The particle size of the perylene derivatives under study is 
given in terms of both area and feret’s diameter as an arithmetic mean and d50 in the 
table 4.3-2. 
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Table 4.3-2 Particle size of different perylene derivatives 
 
 
 
 
 
 
 
 
 
 
 
 
 
The variation in the particle of different derivatives follows same trend whether it is 
arithmetic mean or d50 (table 4.3-2), therefore d50 is considered for comparison purpose. 
In terms of the area, largest d50 is for P1 which is 4.95 µm2 whereas P3 has larger d50 
value (4.25micron) among the series in terms of feret’s diameter showing that P3 
particles are longer and thin in comparison to other derivatives under study. P5 has 
shown the smallest value of d50 both in terms of area and feret’s diameter. 
4.3.1.3 Particle size distribution 
Another important aspect of particle size analysis and comparison includes particle size 
distribution which can be represented as differential particle size distribution or as a 
Perylene 
derivatives 
Particle area 
(micron)2 
Feret diameter 
(micron) 
Arithmetic 
mean 
D50 Arithmetic 
mean 
D50 
P1 
P2 
P3 
P4 
P5 
PTCA 
5.01 
3.42 
3.40 
4.29 
0.27 
0.76 
4.95 
2.79 
2.89 
3.39 
0.22 
0.45 
3.65 
4.46 
4.67 
4.13 
0.97 
1.24 
3.98 
3.93 
4.25 
3.85 
0.94 
1.06 
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number cumulative. Additional important features of particle size distribution include 
knowledge of PSD width and PSD span which can be calculated from the knowledge of 
d90, d10 and d50. As cumulative particle size distribution gives direct estimation of d90, d10 
and d50, it is used for the comparison of PSD of different derivatives. D90, d10 and d50 are 
important parameters for estimation of PSD width. PSD span is also an important aspect 
of particle distribution. Figure (4.3-3) represents PSD (in terms of area) as cumulative 
curve for all the perylene derivatives P1- P5 and PTCA: table (4.3-3) gives d90, d50; d10 
and PSD width along with PSD span (both as area and feret’s diameter) for these 
derivatives. 
 
Figure 4.3-3 Particle size distribution for different perylene derivatives as number cumulative 
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Table 4.3-3 Particle size distribution for different perylene derivatives 
 (All diameters are given in micron) 
Perylene 
derivative 
Area Feret’s diameter 
D90 D50 D10 PSD 
width 
(d90/d10)
PSD 
Span 
 
D90 D50 D10 PSD 
width 
(d90/d10) 
PSD 
span 
P1 
P2 
P3 
P4 
PTCA 
P5 
11.30 
6.5 
6.42 
7.80 
1.38 
0.43 
4.95 
2.79 
2.89 
3.39 
0.45 
0.22 
0.61
1.40
0.92
3.85
0.23
0.10
18.5 
4.6 
6.8 
2.02 
6.0 
4.3 
2.16 
1.86 
1.90 
1.89 
2.56 
1.50 
5.62
7.52
7.92
6.46
1.80
1.42
3.98
3.93
4.25
3.85
1.06
0.94
1.36 
2.21 
1.89 
2.20 
0.75 
0.60 
4.13 
3.4 
4.2 
2.9 
2.4 
2.36 
2.13 
1.35 
1.42 
1.10 
0.99 
0.87 
  
 
A collection of particles is classified as monodisperse if at least 90% of population lies 
within a range of 5% of the median size and it is polydisperse for particle collection 
where more than 10% differ at least 5% from the median size(Jillavenkatesa  A. et al., 
2001). Polydisperse particle distribution can further be categorized as narrow, medium, 
broad and very broad if d90/d10 (PSD width) is in the range of 1-1.5, 1.5-4, 4-10 and >10. 
This classification is based on the one dimensional particle size measurements. In terms 
of feret’s diameter, except for P1 which is slightly above the medium range (4.13), all 
other derivatives fall in medium range of PSD (see table 4.3-3). 
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Overall results of particle size analysis do not show any significant difference in any 
parameter such as particle size (in area as well as in feret’s diameter), PSD width and 
PSD span among different perylene derivatives. However it might be having some 
degree of contribution for the observed high reflectance of PTCA in comparison to 
different PCIs synthesized from it in this study; as PTCA has shown 4-10 fold smaller 
median particle size (area) than different PCIs and it also has 3-4 fold smaller median 
particle size than PCIs in terms of feret diameter (4.3-3). Particle size does not seem to 
be the only factor which is responsible for the high reflectance in PTCA in the specified 
region because if it is the only factor then P5, must have shown the highest NIR-
reflectance among perylene derivatives as it has shown the smallest particle size both in 
terms of area and feret diameter. On the contrary it has shown least reflectance in the 
NIR-region, indicating there are other factors which are contributing towards this 
observed difference in addition to particle size. 
4.3.2 Dispersion of perylene derivatives in polypropylene 
It is very important that all the perylene derivatives are uniformly dispersed in the 
medium (which is polypropylene (PP) in our case) to overrule the contribution of this 
factor towards the observed difference in the NIR-reflectance of different samples. For 
this purpose all the parameters like concentration, mixing temperature, mixing time and 
even pressing time were kept constant as described in chapter 3. More clarification of the 
uniform dispersion of different derivatives was made from their ESEM micrographs 
after dispersion in PP as shown in the figure 4.3-4. All these micrographs are at the same 
magnification (3000 times) except for P1 which is 1600 times.  
 Figure 4.3-4 Distributio
13
n of perylene
6
 derivatives in polypropylene (PP) 
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Clearly in the ESEM of PP empty round structures are seen in addition to broken white 
bridges. In comparison to blank PP micrograph, ESEM of all other derivatives showed 
white coloured pigment particles (few of them are highlighted by circles) in addition to 
broken white edges seen in PP. It is impossible to quantify the dispersion of different 
perylene derivatives but qualitatively dispersion of different derivatives looked 
reasonably, uniform. Therefore this factor does not appear to be responsible for the 
observed difference in the NIR-reflectance of different perylene derivatives. 
4.3.3 Electronic influence of different substituents 
Chemical modifications at molecular level have influence on the interactions of NIR-
radiations with the material (Gang and Zhi Yuan Wang, 2010). The optical and 
electronic properties of organic molecules are determined by their energy gap which is 
the energy separation between highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) also known as HLG. Several studies can be seen 
in literature in designing this HLG gap by chemical modifications at molecular level to 
develop material which could absorb NIR light(Winder and Sariciftci, 2004, Chen and 
Cao, 2009) This means interactions of NIR-radiations are affected by different 
substitutions in an organic compound. 
 
In addition to HLG, other parameters such as atomic charges, bond lengths between 
different atoms and polarity of compound are also affected by chemical modifications. 
The effect of chemical modification on these parameters can be studied quickly and 
reliably by computational study. Computational study based on DFT at B3LYP (Becke 
three-parameter Lee-Yang-Parr) level has been proven to be the best method as the 
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results are very close match to the experimental results(Parr and Yang W., 1989).  Such 
studies performed on perylene derivatives have shown that a number of molecular 
parameters are influenced by different substitution.   
 Pichierri observed change in DNN, DOO and doo values with different 
N-substituents. (for definition of DNN, DOO and doo see the figure 4.3-
5)(Fabio Pichierri, 2004) 
  Liang et al found that different substitution at 1,7 position of perylene 
diimide derivatives result in change in twist angle between two 
naphthalene rings(Liang et al., 2009). 
The observed differences in the relative reflectance of different diimide derivatives (P1, 
P2, P3, P4 and P5) may be attributable to the electronic effects of different substituents 
attached to the N atom as observed in the above studies. The computational study is 
performed for these derivatives to estimate the electronic effect of different substituents 
for different perylene derivatives 
 
Figure 4.3-5 Definition of DOO, DNN and doo 
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4.3.4 Computational study results 
Computational study is performed to study the influence of different substituents in 
different perylene derivatives. The main aim of this study was to estimate how the 
different parameters such as Mulliken charges of different atoms, bond lengths between 
different atoms, HOMO-LUMO gap and overall dipole moment of the molecules are 
affected when different substituents are introduced to central perylene core. This will 
help to understand if there is any relationship between the observed difference in the 
NIR-reflectance of these derivatives and any variation of these parameters in differently 
substituted perylene derivatives. In addition to synthesized perylene derivatives (P1, P2, 
P4 and P5), perylene, PTCA and un-substituted (R=H) perylene-3,4:9,10- tetracarboxylic 
diimide are also involved in this study. Computational study of P3 system is excluded as 
it is too large and performing theoretical calculations on it were very complex and 
complicated. 
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Figure 4.3-6 Designation of different atoms in N,N'-disubstituted perylene diimide 
Standard density functional theory calculations were performed using the GAUSSIAN03 
computer program. Geometries and harmonic vibrational frequencies were obtained for 
all species at the B3LYP/6-31G (d) level of theory. Vibrational frequencies were used to 
characterize each stationary point as a local minimum (no imaginary frequencies), or 
transition structure (one imaginary frequency). 
 
The optimised structures of P1, P2, P4 and P5 are shown in the figure 4.3-7. The pigments 
P1 and P2 have N-alkyl chain in an extended conformation. This is an agreement with n-
pentyl structure reported by Pichierri. The P1 derivative has C2 symmetry, whereas for 
P2, C1 structure shown in the figure 4.3-7 is lower in energy than C2 structure by 2.8 
KJmol-1. 
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Figure 4.3-7 Optimized geometries of perylene derivatives a) P1, b) P2, c) P4, d) P5,  
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4.3.4.1 Mulliken Charges results 
Mulliken charges of different atoms of different perylene derivatives due to different 
substituents are presented in table 4.3-4. 
 
 
 
 
 
Table 4.3-4 Results of Mulliken charges for different perylene derivatives 
Mulliken charges  H  N  O1  O  CA  CB  CC 
Perylene                 ‐0.199  ‐0.128 
           
PCI(R=H)  0.35  ‐0.717  _  ‐0.485  0.598  14  ‐0.195 
                       
PTCA  _  _  ‐0.486  ‐0.43  0.589  0.004  ‐0.187 
           
P5 (PTCA+2Br)  _  _  ‐0.485  ‐0.424  0.597  0.006  0.21 
                       
Mulliken charges  C2  C1 N O CA  CB  CC
                       
P1(R=C6H12OH)  ‐0.266  ‐0.145  ‐0.574  ‐0.504  0.595  0.018  0.197 
                       
P2(R=C2H4NC4H8O)  ‐0.121  ‐0.15  ‐0.575  ‐0.502  0.593  0.019  0.196 
                       
P4 (C6H4OH)  ‐0.119  0.286  ‐0.691  ‐0.481  0.591  0.014  ‐0.197 
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It is also important to note that the preferred conformation of the phenyl groups is 
perpendicular to the plane of the perylene and therefore there is no conjugation of the π-
orbitals of the phenyl substituents and the perylene. Likewise the charge on C1 of the 
substituent is relatively constant for the alkyl and phenyl substituents respectively. In 
comparison, the C2 of the phenyl substituents shows greater variation in charge due to its 
proximity to the functional groups. The charges on the carbon atoms of the perylene ring 
(CA, CB and CC) are very insensitive to the presence of substituents attached to the 
nitrogen of the dicarboximide. However, the oxygen of the dicarboximide shows a 
similar level of sensitivity to the type of substituent R as the nitrogen. Despite the fact 
that all the heavy atoms of the PCI unit are interacting via the delocalised π-network, 
only the electronegative atoms seem to be sensitive to the R substituents.  
4.3.4.2 Bond length results 
The bond lengths for the highly symmetric perylene are all very uniform. Conversion of 
the perylene to PCTA leads to a slight elongation of the CB-CC bond (See table 4.3-5). 
Introduction of two Br atoms to PCTA causes a twisting of the perylene core but this 
does not significantly affect the bonds in the vicinity of the carboxylic acid dianhydride. 
However, conversion of PTCA to PCI does have an effect on the bond lengths, with a 
slight lengthening of CA-CB and CA-O. 
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Table 4.3-5 Results for bond lengths for different perylene derivatives 
Bond length r(O-CA) r(N-CA) r(CA-CB) r(CB-CC) CA-O)  
              
Perylene (PR) - - - 1.375 -   
              
PCI (R=H - 1.394 1.483 1.383 1.221   
              
PTCA 1.387 - 1.477 1.384 1.205   
              
P5(PTCA+2B2) 1.385 - 1.48 1.379 1.204   
              
              
Bond lengths r(C2-C1) r(C1-N) r(N-CA) r(CA-CB) r(CB-CC) r(CA-O) 
              
P1 (R=C6H12OH) 1.532 1.476 1.402 1.483 1.384 1.225 
              
P2 
(R=C2H4NC4H8) 
1.536 1.473 1.402 1.483 1.384 1.224 
              
P4(R=C6H4OH) 1.394 1.446 1.41 1.484 1.384 1.22 
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As for the charges, the atoms close to the nitrogen are sensitive to the type of R 
substituent (alkyl or phenyl), in this case the C1-N bond and the N-CA bond but relatively 
insensitive to any functional groups attached on the remote locations of the R group. The 
remaining bonds in the dicarboximide region show even less variation in bond length 
with R. The Br atoms cause a twisting of the perylene as noted previously and a slight 
shortening of the adjacent CB-CC bonds. 
4.3.4.3 HOMO-LUMO gap 
In this section comparison of the energy difference between the Highest Occupied 
Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) is 
made. This HOMO-LUMO gap provides a first approximation of the excitation energy 
and results for these calculations are shown in the table 4.3-6. The highest HOMO-
LUMO gap (EH-L) of these systems occurs for the un-substituted perylene system (R=H), 
however EH-L for the other systems remain quite high (~2.1 – 2.6 eV). Introduction of Br 
atoms to PTCA leads to a slight increase in the HOMO-LUMO gap. 
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Table 4.3-6 Results for homo-lumo gap for different perylene derivatives 
EHOMO (Hartree) ELUMO (Hartree) (EH-L)eV 
        
Perylene -0.182 -0.069 3.06 
        
PCI(R=H) -0.225 -0.131 2.54 
        
PTCA -0.238 -0.144 2.56 
        
P5 (PTCA+2Br) -0.243 -0.149 2.56 
        
P1 (R=C6H12OH) -0.22 -0.127 2.53 
        
P2 
(R=C2H4NC4H8O) 
-0.208 -0.13 2.13 
        
P4 (R=C6H4OH) -0.218 -0.125 2.54 
 
 
For both PCTA and PCI, addition of a substituent leads to a drop in EH-L particularly for 
P2 (This may be related to the loss of symmetry). Addition of a phenyl group generally 
has no effect on EH-L. Inspection of the figures 4.3-9 and 4.3-10 reveals that while the 
HOMO and LUMO orbitals of these systems are extended across the molecules they do 
not directly involve the nitrogen atoms. Therefore it is not surprising that substitution at 
N has only a very minor effect on EH-L which would be due to inductive effects rather 
than direct interaction with the frontier orbitals 
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Figure 4.3-9 HOMO of un-substituted PCI 
 
Figure 4.3-10 LUMO of un-substituted PCI 
4.3.4.4 Dipole Moment 
The results of net dipole moment calculations are shown in the table 4.3-7. The low 
energy conformations of P1 and P2 have the alkyl chains perpendicular to the plane of the 
perylene ring and on the opposite side of the ring to each other. In this high symmetry 
confirmation P1 has no overall dipole moment. In comparison, morpholino rings lower 
the symmetry of the P2 system and as a result it has an overall dipole moment of 0.486 
Debye at an angel of 30-45 degree to the plane of the perylene ring. The P3 is too large 
to perform these calculations, it is reasonable to assume that it too will have a net dipole 
moment. The highly symmetric system P4, perylene, un-substituted perylene diimide 
(PCI) and PTCA have zero net dipole moment; however dibrominated product of PTCA 
(P5) has 0.0735 Debye dipole moment due to twisting of naphthalene rings. 
 149
 
It is also worth noting that these calculations represent the case of gas phase molecules at 
0 K. At finite temperatures there will be rotations along the alkyl chains that will lead to 
changes in the magnitude and direction of the dipole moment. However, this may be 
partly offset in the condensed phase which will restrict motions of the chains. 
Nevertheless, in any amorphous condensed phase there will be a distribution of these 
molecules with different conformations and hence slightly different dipole moments. 
Table 4.3-7 Dipole moment of different perylene derivatives 
Perylene 
derivatives 
Dipole moment 
(Debye) 
    
Perylene (PR) 0 
PTCA 0 
PCI (R=H) 0 
P1 0 
P2 0.428 
P3 - 
P4 0 
P5 0.0736 
    
 
Mulliken charges developed on different atoms of perylene derivatives, their bond 
lengths between adjacent atoms and HOMO-LUMO gap have not shown any 
relationship with the observed difference in the NIR-reflectance for derivatives. For 
example charge on N-atom of both P1 and P2 system has almost same charge (table3-1, 
0.575 & 0.574) but P2 system has shown lower NIR reflectance whereas P4 has quite 
different charge on the N-atom (0.691) but its reflectance in the NIR-region does not 
differ significantly from P1. Similarly P2 derivative has shown lowest EH-L gap, one can 
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think it’s relation to NIR-reflectance as P2 derivative also has shown the lowest NIR-
reflectance among all the synthesized perylene diimide derivatives (P1-P5). However this 
cannot be justified because conversion of PTCA to P5 increases the HOMO-LUMO gap, 
but its NIR-reflectance is lowered significantly.  
 
However development of dipole moment in different perylene systems seems to play 
some role in the observed difference in the NIR-reflectance. Both the system P2 and P5 
have shown some net dipole moment due to loss of symmetry and lower NIR-reflectance 
among all the perylene derivatives. The P3 system having same morpholino group as P2 
is expected to have net dipole moment and hence low NIR-reflectance. Its higher NIR-
reflectance might be due to the  fact that in P3 system morpholino group is quite remote 
to central perylene core, therefore it’s effect to lower the symmetry and hence to 
introduce the net dipole moment is less pronounced in P3 system. All other perylene 
derivatives, having no net dipole moment, also differ in the reflectance in the NIR-region 
might to due to other contributing factors such as particle size difference or difference in 
their crystallinity, which will be discussed in the later sections.  
4.3.4.5 Results of X-ray diffraction study 
The NIR-reflectance of a material is very sensitive to degree of crystallinity. The impact 
of degree of crystallinity on NIR-reflectance is clear from the fact that measurement of 
diffuse reflectance is used as quick, quantitative and direct measure of the degree of 
crystallisation in pharmaceutical drug compounds(Bai S. J. et al., 2004, Mackin L et al., 
2002, Seyer et al., 2000). Perylene derivatives are known to be highly crystalline as 
shown by earlier studies. Although ESEM micrographs shown in figure (4.3-1) provided 
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indirect evidence of their highly crystalline nature, it is possible these derivatives have 
some degree of amorphous character, which reduces their crystallinity, thereby affecting 
their observed NIR-reflectance. To evaluate whether these derivatives differ in their 
degree of crystallinity, they are analysed by XRD as described in chapter 3.  
 
 
Figure 4.3-11 XRD of different perylene derivatives 
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Figure (4.3-11) is an XRD of different perylene derivatives. XRD diffraction pattern of 
all these derivatives show that all of them are highly crystalline except P5 for which 
XRD diffraction pattern looks relatively more like an amorphous material. Close 
inspection of XRD pattern shows that all these derivatives have shown the presence of 
some amorphous region. This is evidenced from the drift in the baseline in the region of 
2θ = 16-40°(Hsien-Hsin Tung et al., 2009). The amorphous region and crystalline part of 
XRD diffraction are made clearer in the XRD of P1 shown in the figure (4.3-12). Here C 
represents crystalline fraction whereas A represents amorphous fraction. 
 
 
Figure 4.3-12 XRD diffraction pattern of P1 showing crystalline region and amorphous region 
Visual inspection of XRD-pattern of different perylene derivatives show less drift in the 
baseline of PTCA in comparison to that of other derivatives showing that crystallinity is 
lost to some extent in all other derivatives.  
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 Quantification of crystallinity is beyond the scope of this project as it needs the prior 
knowledge of crystallinity of material as well as use of some internal standard(Connoly, 
2010). Estimation of degree of crystallinity is made by calculating the total integrated 
area under the peaks and integrated area under the  amorphous region as described in 
earlier literature (Birju Shah et al., 2006).  The region chosen for these calculations is 
equal to diffraction angle 2θ between 16° to 40° for all derivatives. P5 is excluded from 
this estimation as XRD pattern directly showing high amorphous character. The degree 
of crystallinity is estimated using formula given in the equation 4.3-2. 
ܺܿݎ ൌ ݔܿ. ଵ଴଴ூ௔ାூ௖…………4.3-2 
Table 4.3-8 Result of %crystallinity of different perylene derivatives 
 
 
 
 
 
 
 
 
 
 
 
The order of estimated crystallinity of different perylene derivatives is  
Perylene 
derivatives 
% 
crystallinity 
P1 53 
P2 57 
P3 60 
P4 48 
PTCA 63 
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PTCA>P3 > P2> P1 > P4 
The order of NIR reflectance of different perylene derivatives is 
PTCA > P1 > P3 > P4 > P2 > P5 
The judgment of results of NIR-reflectance and degree of crystallinity is not showing 
any direct correlation between NIR-reflectance of a material and its degree of 
crystallinity. Based on the direct relation between these two, P3 should fall on the higher 
end of NIR-reflectance whereas on the basis of inverse relationship, P5 should exhibit 
higher NIR- but none of these two has shown highest reflectance. 
 
However if results of all the measurements are combined together especially dipole 
moment from computational study, average particle size and degree of crystallinity and 
compared with  NIR-reflectance then it shows a close relationship.  PTCA which has 
smaller particle size in comparison to PCIs, zero dipole moments and high degree of 
crystallinity shows higher reflectance in the NIR-region among different derivatives.  
 
P3 in spite of the high degree of crystallinity has shown less NIR-reflectance than P1 
because of net dipole moment in P3. The influence of particle size can be excluded for 
comparison among PCIs (P1, P2, and P3and P4) as they have almost comparable particle 
size. On the other hand P2 which has high net dipole moment but intermediate degree of 
crystallinity have shown low NIR-reflectance while P5 which have net dipole moment 
and comparatively low degree of crystallinity have shown least reflectance in the NIR-
region. 
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P4 and P1, both have zero dipole moment, P1 being having high degree of crystallinity 
(53%) than P4 (48%) have shown high NIR-reflectance than P4. Moreover P4 is expected 
to have strong intermolecular hydrogen bonding in comparison to P1. This introduces 
larger mechanical anharmonicity in P4 than in P1(Foldes and Sandorfy, 1966). As a result 
its vibrational energy is influenced according to the following equation.  
Gn=En/hc= νo(n+1/2)-X νo(n+1/2)2 
Here En energy of given vibration level, h is Planck’s constant, c is speed of light. X is 
mechanical anharmonic constant; νo is the wave-number corresponding to frequency ν. 
Different values of anharmonicity also influence the intensity of overtones in NIR-
region. It has been established that vibrations with low anharmonicity constant also have 
low intensity of overtones and vice versa(W. Groh, 1988). P4 having high anharmonicity 
would have more intense overtone in the NIR-region. As reflectance is inversely 
proportional to absorption, it shows less reflectance in the NIR-region in comparison to 
that of P1. 
 
 4.4 Preliminary study of dispersion of perylene pigments in coating 
media 
Introduction 
 
Ease of dispersion in the coating medium is one of the most important characteristics 
which pigments should possess in order to find usefulness in various 
applications(Streitberger', Karl-Friedrich Dossel).  If a pigment does not disperse easily 
in vehicle medium, then it becomes useless for many applications despite having all 
other characteristics of high quality pigment. Preliminary study is performed to test how 
easily these synthesized pigments can be dispersed in different resins.  
 
Resins are organic polymers or their precursors used as coating medium in various 
applications. Four resins are selected which are water based acrylic resins, solvent based 
acrylic resins, water based epoxy resins and solvent based epoxy resins. The results for 
the dispersion of the perylene derivatives in these resins are discussed in the foregoing 
sections. 
4.4.1 Water based acrylic resins 
When perylene derivatives P1, P2, P3, P4 and P5 are mixed into the  acrylic resins with  
five minutes stirring with glass rod, it resulted in the formation of uniform (does not 
show any solid lump) paint like colloidal suspension. This shows compatibility between 
the coating medium and these derivatives in terms of surface energy which led to 
attractive interactions between these two.  The initial attractive interactions between the 
perylene derivatives and acrylic resins might be due to polar character in the acrylic 
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group and polar side chain substituents(Bugnon, 1996) (hydroxyl in P1, phenoxy in P4, 
morpholino group in P2&P3) attached to N-atom of PCIs and two polar bromo-groups in 
P5 derivatives. Otherwise interactions between these two might have originated through 
polar water molecules present as solvent in these resins.  
 
Further grinding of this suspension having perylene derivatives in acrylic resin in ball 
mill at 250rpm resulted in more uniform paint suspension. This is clear from the ESEM 
micrographs of P1 in acrylic resin after two, four and six hours of grinding time as shown 
in the figure 4.4-1. 
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Grinding of all the synthesized derivatives in acrylic resins for six hours resulted in very 
uniform glossy paint systems. These paints did not spread well when applied on 
polypropylene or polystyrene sheets because of high surface tension of paint system in 
comparison to that of the substrate; however these paints spread easily on polyvinyl 
(PVC) sheets due to high surface tension of PVC. These paints were applied on PVC 
sheets and were studied by electron scanning microscopy for their uniformity, as 
microscopy is one of the methods to visualise the degree of dispersion(Zeno et al., 
2007). 
 
 
 
Figure 4.4-2
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particle size of P4 and P5 system has not shown any reduction in their size if compared 
with that of in the powder form (refer to section 4.3). 
 
Pigment particles generally exist in the form of large agglomerates due to interactions 
between individual particles. During the grinding process, mechanical energy is supplied 
by ball mills to overcome interactions between particles. Therefore, large agglomerates 
break down into smaller particles and this process is called de-agglomeration. The 
efficiency of this process depends upon the fact that the total mechanical energy supplied 
during grinding should be sufficient to overcome the interactions between particles. For   
two hours of grinding of P1 in acrylic resin system, still a number of agglomerates are 
seen (see figure 4.4-1,a), whereas with an increment of time of grinding, more 
mechanical energy is supplied, as a result, less number of agglomerates were seen after 
four and six hours of grinding period.  
 
In P4 system, strength of hydrogen bonding in P4 molecules is higher than that in P1 
system due to the presence of phenolic group in P4 system. As a result interactions 
between the particles are stronger in P4 system. This made the mechanical energy 
supplied by ball mill insufficient to break these strong interactions. As a result even after 
the six hours grinding period most of the particles existed as agglomerates and not much 
reduction in the particle size is seen in this system (figure4.4-2).  
 
Among the P2 and P3 system, considerable reduction in particle size is seen in P3 but few 
agglomerates are seen in P2 system. This might be due to the polar interactions 
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developed by polar morpholino group. These interactions are stronger in P2 due to 
smaller size of non-polar ethyl group in side chain of P2 in comparison to propyl group 
of P3. No reduction in the particle size of P5 system could be because of two possible 
reasons; 
 The P5 pigment particles are quite small in the powder form compared to other 
perylene derivatives P1-P4, This might be due to the fact that bay substitution by 
two bromine atoms has inhibited the parallel stacking commonly observed in 
N,N’-substituted perylene diimide derivatives like P1-P4. As a result its particles 
are relatively quite small in powder form and no further reduction is achieved. 
 Introduction of polar bromo-groups, increase the interactions between particles 
which made supplied mechanical energy insufficient to break them. 
 
Stability of pigment particles dispersed in coating medium is another important issue. 
All the derivatives P1-P5 have shown good initial stability in acrylic resins, but after 48 
hours first sign of separation of pigment particle started to appear by the formation of top 
white layer (pigment free) in the vial ( shown in figure 4.4-3). P4 system was the first to 
show this sign but within 72 hours, the separation of pigment particles becomes 
prominent.  
 163
 
Figure 4.4-3 Images of vials with perylene derivatives dispersed in acrylic resins. 
The separation of pigments particles from acrylic resin after some time shows that these 
particles have some degree of interactions with resin molecules which provided them 
initial stability and led to uniform dispersion. Like a colloidal system, these particles are 
in the state of Brownian motions, during which they collide with each other.  If the 
attractive forces between these particles are stronger than the interactions between resin 
molecules and these particles, then these particles will join together due to short range 
London Van der Waals attractive forces. When these particles come together, they 
flocculate and their surfaces are not left protected which resulted in settling of 
particles(K. Tsutsui and S. Ikeda, 1982). These problems, common in the coating system 
can be resolved by the use of different type of dispersant or by surface treatment of 
pigments when it comes to actual formulation of these pigments. As formulation is not 
part of this study, further work on stabilisation of pigments in acrylic resins was not 
carried out.  
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4.4.2 Solvent based acrylic resins 
Dispersion of all the perylene derivatives P1-P5 in solvent based acrylic resin was 
performed in the same manner as for water based acrylic resins by grinding the mixture 
in ball mill for six hours at the speed of 250rpm. Surprisingly solvent based acrylic resin, 
produced nearly solid dispersion having colour of corresponding derivative (for example 
black for P1 and blackish red for P3) with almost no flow in the system. Actual reason for 
this behaviour is not clear, but there are two possible reasons for this; 
 The original resin system was quite thick and viscous although it had reasonable 
good flow to transfer it from one container to another. Possibly due to more 
thickness, shear was higher during mechanical grinding which created sufficient 
heat for the acrylic resins to form hard cross-linked polymer.  
 Acrylic resins are known to cross-link by reacting with monomer having amide 
functionality. As all of these derivatives except P5 are cyclic imide derivatives 
which might have served as starting point for polymerization of acrylic resins to 
form hard material(Friedli and Keillor, 1987).  
Formation of less hard material with P5 supports the second reason of the hardening of 
acrylic resin systems during grinding process. Investigation for the cause of hardening is 
beyond the scope of this project. Based on this preliminary study solvent based acrylic 
resins have not shown compatibility for the dispersion of these synthesized perylene 
derivatives. 
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4.5 Summary 
Preliminary study conducted on the dispersion of different perylene derivatives 
synthesized in this study showed that these derivatives have good compatibility with 
water based acrylic resins as well as water based epoxy resins. These particles started 
settling in water based acrylic resin medium after 48 hours whereas no such problem of 
stability was seen in both water based as well as solvent based epoxy resins. Both water 
based as well solvent based dispersion in epoxy resins did not show any sign of pigment 
separation even after 30 days. The solvent based acrylic resins dispersion turned to hard 
viscous solid like material after grinding in ball mills possibly due to crosslinking of 
imide functionality of perylene derivatives with acrylic resins 
 
 
 
 
 5. Chapter 5 
Conclusions and further recommendations 
 
 Five perylene derivatives P1, P2, P3, P4 and P5 have been synthesized using known 
synthesis strategies. The relative reflectance of the derivatives (P1-P4) varies from 38 
to 65 at 980nm wavelength and from 37 to 54 at 1300 nm wavelength. P1 shows the 
highest NIR-reflectance within the series. On the other hand P5 has shown least 
reflectance in the NIR-region. 
 
 When reflectance of all these synthesized derivatives is compared with that of the 
starting material PTCA, which itself is a pigment with trade name PR 224, PTCA 
shows the maximum reflectance in NIR-region. 
 
 Comparison of NIR-reflectance of these synthesized derivatives with commercially 
available pigments has shown that TiO2, which is white, has the highest NIR-
reflectance whereas carbon black has almost no reflectance in the NIR-region. The 
reflectance of synthesized black coloured derivative P1 is comparable to that of 
Lumogen® (LG) at 1300nm (54 VS 52) whereas reflectance of LG drops radically 
(22 for LG VS 65 of P1) in the wavelength region 700-1000nm.  
 
 Perylene derivatives (P1-P4) do not show significant difference in their particle size 
and the particle size distribution. This overrules the contribution of these factors for 
the observed difference in the NIR-reflectance of these derivatives. Similarly PTCA 
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and P5 have similar particle size and particle size distribution, but dramatic 
difference in the NIR-reflectance. 
 
 Study of the electronic influence of different substituents in different synthesized 
perylene derivatives, by computer aided program revealed the development of net 
dipole moment in P2 and P5 due to loss of symmetry. On the other hand other 
derivatives P1, P4, and PTCA have zero net dipole moment. Derivatives P2 and P5 
show least reflectance in the NIR-region. This demonstrates the direct relationship 
between the net induced dipole moment in a molecule and their NIR-reflectance. 
 
 The results of degree of crystallinity for these derivatives follow the increasing  order 
of crystallinity as shown 
PTCA>P3>P2>P1>P4>P5 
 
 PTCA having smallest size, zero dipole moment and highest degree of 
crystallinity has the highest ability to reject NIR-radiations whereas P2 and P5 
have exhibited least reflectance in this region might be due to net dipole moment 
and comparatively low degree of crystallinity.  
 
 All the synthesized perylene derivatives including PTCA have shown a good 
initial dispersion in water based acrylic resins as well as in water based epoxy 
resins. However pigment particles in the acrylic resins started settling after 48 
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hours. The pigments form stable dispersion in solvent based epoxy resins while 
in the solvent based acrylic resins, they form hard mass.   
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6. List of Abbreviations 
1H-NMR: Proton nuclear magnetic resonance 
NIR:  Near infrared 
OEM  Original equipment’s manufacturer 
PCI:     Perylene-3,4:9,10-tetracarboxylic diimide 
PR:   Perylene 
PTCA:  Perylene-3,4:9,10-tetracarboxylic acid dianhydride 
PTFE  Polytetraflouroethylene 
SEM:  Scanning electron microscpy 
TGA:  Thermo-gravimetric analysis 
UV-Vis: Ultraviolet-visible 
XRD:  X-ray diffraction  
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9.2 NMR-P3 
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9.3 NMR-P4 
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9.4 NMR-P5 
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9.6 IR-PTCA 
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9.7 IR-P2 
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9.8 IR-P3 
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10. Appendix b: Electron scanning micrographs 
10.1 Electron scanning micrographs of P1 
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10.2 Electron scanning micrographs of P2 
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10.3 Electron scanning micrographs of P3 
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10.4 Electron scanning micrographs of P4 
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10.5 Electron scanning micrographs of P5 
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10.6 Electron scanning micrographs of PTCA 
 
 
 197
 
 
 198
11. Appendix C-Thermo-gravimetric data 
11.1 TGA of P1 
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11.2 TGA of P2 
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11.3 TGA of P3 
 
 
11.4 TGA of P4 
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11.5 TGA of P5 
 
11.6 TGA-graph of PTCA 
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